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Abstract

The presented research project consists of two major parts. First, the material

flow in solid-state, friction stir, butt-welds as been investigated using a marker insert

technique. Changes in material flow due to welding parameter as well tool as

geometry variations have been examined for different materials. The method provides

a semi-quantitative, three-dimensional view of the material transport in the welded

zone.

Second, a FSW process model has been developed. Tile fully coupled model is

based on fluid mechanics; the solid-state material transport during welding is treated

as a laminar, viscous flow of a non-Newtonian fluid past a rotating circular cylinder.

The heat necessary for the material softening is generated by deformation of the

material. As a first step, a two-dimensional model, which contains only the pin of the

FSW tool, has been created to test the suitability of the modeling approach and to

perform parametric studies of the boundary conditions. The material flow visualization

experiments agree very well with the predicted flow field. Accordingly, material

within the pin diameter is transported only in the rotation direction around the pin.

Due to the simplifying assumptions inherent in the 2-D model, other experimental data

such as forces on the pin, torque, and weld energy cannot be directly used for

validation. However, the 2-D model predicts the same trends as shown in the



experiments.The model also predicts a deviation from the "normal" material flow at

certain combinations of welding parameters, suggesting a possible mechanism for the

occurrence of some typical FSW defects.

The next step has been the development of a three-dimensional process model.

The simplified FSW tool has been designed as a fiat shoulder rotating on the top of the

workpiece and a rotating, cylindrical pin, which extends throughout the total height of

the flow domain. The thermal boundary conditions at the tool and at the contact area

to the backing plate have been varied to fit experimental data such as temperature

profiles, torque and tool forces. General aspects of the experimentally visualized

material flow pattern are confirmed by the 3-D model.
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1 Introduction

1.1 Problem Definition

Metals can be joined by a variety of methods. In general, heat, force, or the

combination thereof is necessary for the joining process. The most common processes

are fusion welding techniques with intense localized heat inputs. Friction stir welding

(FSW) is a solid-state joining technique especially well suited for high strength

aluminum alloys. The heat necessary for the plastic flow of the material is generated

due to viscous dissipation during the extreme plastic deformation. The advantages of

the FSW process include good strength and ductility along with minimization of

residual stress and distortion. These qualities of FSW are generally attributed to the

solid-state nature of the process and a supposed low energy input to the weldment.

Although significant effort has been expended in putting FSW to use in full-

scale production of such products as ferry boats, rocket fuel and oxidizer tanks, the

operating mechanisms and in particular, only little was known about the process

mechanisms when this research project started in 1998. The welding process was

developed empirically with initially pure guesses of the welding parameters and tool

dimensions. The knowledge of the proper welding parameters was based on trial and

error experiments. However, systematic experimental and/or numerical studies of the

parameters influencing the process are necessary for the optimization of the process.



The goalof thepresentwork is to providea comprehensiveunderstandingof

thematerialflow in FSWandto characterizetheinfluencesof theweldingparameters.

This studyfocuseson thedevelopmentof a fluid mechanicsbased,numericalprocess

simulation,which is supportedandverified by experimentaldata.

Theproblemdefinitionof this researchprojectis asfollows: Developaprocess

modelto simulatethematerialflow andtheheattransferin FSW.Showthevalidity of

thesimplificationsandassumptionsof themodel.Verify the mode[with experimental

data.

1.2 Scope of the Research

The scope of this project consists of experimental and numerical

investigations. Experimentally, the scope of this project includes the development of a

marker insertion technique to describe semi-quantitatively the material deformation in

friction stir welds performed at various welding parameters, with different tools, and

different base materials; moreover, the acquisition of welding data, which is used for

verification of the numerical analysis.

The scope of the numerical part of this project includes among others the

determination of the "fluid" properties of the aluminum alloys at elevated

temperatures; the development of a 2-D model based on the fluid mechanics; and the

justification of the assumptions. The model is verified by comparison with the

available welding data and the experimental flow analysis. Comprehensive parametric



studiesareconductedto investigatethe influencesof theweldingparameters,different

materials, and single material properties.Based on the results in 2-D, a three-

dimensional model is developed also using the Eulerian flow formulation.

Experimentaldatais usedto determinetheboundaryconditionsof the 3-D modeland

to verify themodelingresults.



2 The Friction Stir Welding Process

Friction Stir Welding (FSW), developed at The Welding Institute in 199l, [1],

[2], is especially well suited for joining high strength aluminum alloys. FSW is a solid

state joining process combining deformation heating and mechanical work to obtain

high quality, defect-free joints. The deformation heating is produced during the

material transport of the two plates to be joined around a non-consumable, rotating

tool. In general, the cylindrical FSW tool consists of a broad shoulder and a pin with a

smaller diameter. Several different tool designs are seen in Figure 2-1.

Figure 2-1 Friction stir welding tool designs.
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The full penetration,singlepass,welds were performedon either a vertical

milling machineor theMTS FSWProcessDevelopmentSystem.The stepsrequiredto

makea friction stir weld are the following. First, the two piecesto be joined are

clampedon a backingplate to hold the platesin placeduring welding. Second,the

rotating tool, which consistsof a broad shoulderand a narrower, threadedpin, is

plungedinto the faying surfaceof thetwo platesuntil the shouldercontactstheupper

workpiecesurface.Theendof theplungingstepcorrespondsto acertainpin clearance

in displacementcontrolledwelding and to constantvertical force in load controlled

welding.The plungedepthor thevertical force is suchthatthetool shoulderprovides

enough forging pressureat the top surfaceof the plates.Third, the rotating tool

traversesalongthecenterline,whichdescribesthe original interfaceof thetwo plates,

formingajoint. Figure2-2 is aschematicshowingtheweldingset-up.

In the presentresearchprogrammostwelds wereperformedwith a 2.5° tool-

to-workpiece-normalangle.Most recenttool developmentsallow the so-calledzero-

degreeweldingwherethetool-to-workpiece-normalangleis zero.An advantageis the

more practicallyorientedapplicationof suchtools sincewelding in other than the

longitudinaldirectionispossible.

In general,the shapeof thetool promoteshigh hydrostaticpressurealongthe

joint line, causingconsolidationof the material plasticizeddue to heatgeneration.

Welding parametersare the rotational (or spindle) velocity, the welding (or

translational)speed,as well as the vertical force on the tool or the plunge depth

5



depending on the control mechanism. The welding parameters depend on the base

material, the plate thickness, as well as the tool geometry and are to be determined for

each new setup.

Angle of Attack

Welding
Direction
4

Shoulder

I
WeldingI
Direction|

I

Retreating

Side

Trailing Side
of the Tool

I
_ Rotation

Direct ion

Advancing
Side

/Pin Clearance Backing Plato
I I II II i lll

Figure 2-2 Schematic drawing of the FSW process.

Friction stir welding process is not symmetric about the centerline: the

advancing side of the weld is defined as the side on which the rotational velocity

vector of the welding tool has the same sense as the translational velocity vector of the

tool relative to the workpiece. The retreating side is where the two vectors are of

opposite sense. The leading side is the front of the tool and the trailing side indicates

the back of the tool. The crown is the top surface of the weld and the root is the

bottom surface.
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Retreating Side Advancing Side

Figure 2-3 Typical microstructure of an AA2195-T8 friction stir weld

The microstructure of a typical friction stir weld has been described in

numerous previous publications [3-6] but will be briefly reviewed here. Figure 2-3

shows the microstructure resulting from friction stir welding o f AA2 195-T8. The weld

microstructure features can be separated into two broad categories: the thermo-

mechanically affected zone, or TMZ, and the heat affected zone, or HAZ. The HAZ is

similar to heat affected zones resulting from conventional, fusion welding processes.

Depending on the alloy, its initial heat treatment, and the proximity to the weld

centerline, processes occurring in the FSW HAZ might include precipitate coarsening,

precipitate dissolution, recovery, recrystallization, and grain growth. The TMZ of a

friction stir weld might be considered analogous to the fusion zone of a conventional

weld except that, instead of being melted, the material in the TMZ has been

mechanically worked.

Within the TMZ, there are three somewhat distinct regions. The most obvious

is the "weld nugget". The weld nugget is the region, which has undergone the most

7



severe plastic deformation and is characterizedby a fine, relatively equiaxed,

recrystailizedgrain structure.The width of the nugget is normally similar to, but

slightly greaterthan, thediameterof thepin. Outsideof the nuggeton eitherside,is a

regionwhich hasbeendeformedto a lesserextentandwhich, dependingon thealloy,

mayor maynotshowsignsof recrystallization.In Figure2-3, thedelineationbetween

the nuggetand the rest of the TMZ is quite sharpbecauseof the recrystallization

resistanceof the AA2195-T8 basemetal.The deformationof the basemetal grains

manifestsitself as bendingin the planeof the metallographicsection(they arealso

bent in thehorizontalplaneperpendicularto thesection).Thethird regionof theTMZ

is the "flow arm". This is the regionof materialabovethe nugget.The flow arm is

formedwhentherotatingtool shoulderpassesovertheweld.



3 Literature Survey

3.1 Modeling Metal Forming Processes

Process models have been a great help in understanding plastic deformation in

metal forming throughout the development of processes like extrusion, forging, and

metal cutting. The simulation of metal forming processes is a challenging area for

engineers because it involves non-linear material behavior, large deformation, coupled

material flow and heat transfer as well as complex geometries and boundary

conditions.

Zienkiewicz and Godbole [7] as well as Zienkiewicz et al. [8] were among the

first who solved the flow of plastic and visco-plastic solids numerically by considering

only the plastic deformation using a "flow approach". Neglecting the elastic

deformation the large deformation metal forming process is equivalent to the flow of a

viscous non-Newtonian fluid. In this case the constitutive law defines the strain rate as

a function of stresses.

-_ = f(ciy )

Zienkiewicz et al. [9], and [10] presented a numerical solution algorithm for solving

directly the coupled thermal plastic/visco-plastic flow such that the solution of the

temperature distribution is obtained simultaneously with that for the velocity field;
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eventemperatureandstrainratedependentconstitutiveequationswere possiblefrom

now on. Sincemore than90 % of the energydissipatedin theplastic deformationis

convertedinto heat,the abovementionedpaperswere a significant steptowardsthe

real modeling of metal forming processes.Earlier solutionswere dependenton the

accuracyof pre-scribedtemperaturefields. Strenkowskiand Moon [11] usedthe

Eulerian flow formulation to model steadystate flow in orthogonalmetal cutting.

Theywere ableto predict thechip geometry,velocity, stressandstrain ratefields as

well asthetemperaturedistributionin tool andworkpiece.

In theapplicationof finite elementmethods(FEM) to metalforming, thereare

two formulations,namely,the above-mentionedEulerian flow formulation and the

solid Lagrangianapproach,which includeselasticity.TheLagrangianmethodtakesa

materialmeshinto account(insteadof a spatiallyfixed meshin the flow formulation)

and allows naturalsurfaceshapechanges.However, in largedeformationprocesses

the meshdistortion usuallybecomesunacceptablyhigh so that remeshingand mesh

refinementbecomenecessarytools.ReboloandKobayashi([12] and[13]) developed

analgorithm for thecoupledanalysisof deformationandheattransferof visco-plastic

deformationin the LagrangianFEM and appliedtheir methodsuccessfullyto solid

cylindercompressiontests.The coupledmaterial flow andheat transferanalysishas

beenextensivelyusedin the simulationof numerousmetal forming processeslike

extrusion,forging, rolling, andmetal cutting [14]. Kobayashiet al. [15] publisheda

book, which coversa broadspectrumof finite elementmodeling in metal forming

processes.Tang et al. [17] summarizedthe applicationof the commercialmodeling
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softwareDEFORMTMwith exampleson internal cracks,nut forming, shaperolling,

andforging.

Throughoutthe yearsresearchersdevelopedmetal forming processessuchas

extrusion, forging, and metal cutting by applying more and more sophisticated

modelingtechniquesto theprocesses.Including moreprocessrelevantparametersin a

simulation, allows the analysisof the metal forming processesin more detail.

Reinikainenet al. [18] analyzedthe2-D, isothermalextrusionof copperwith constant

friction factorsin the axisymmetricforward extrusionwith two different die shapes

andin thecontinuousextrusionprocessConformTM.Theyusedashearratedependent

flow stressat a constanttemperatureand found good agreementwith experimental

resultsof thematerial flow. SurdonandChenot[19] presentedaFE methodto analyze

the 3-D, isothermalhot forgingprocessusingavisco-plasticmaterialand anonlinear

friction law based on the flow formulation. They simulated the isothermal

compressionof cubic blocks and proposedthe expansionto more complicated

geometries.Shiau and Kobayashi[20] studiedthe isothermalopen-dieforging and

handledproblemswith the die-workpieceinterfaceeffectivelyusingBezier-curvesat

roundedtool edges.Their work focusedon a computationalschemeto solvegeneral

symmetricproblemsby reducing variables and rearrangingthem in the stiffness

matrix.

Researcheshave constantly developedmodeling techniques,while others

applied the existing computermodels to their researchfields. Meidert et al. [21]

comparedtwo modelingtechniques,a finite elementand a physicalmodel asdesign
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tools in cold forging.Thephysicalmodelperformedwith plasticinewasusedto verify

the materialflow predictionsof theFE model.The 2-D, FE modeluseda remeshing

scheme for the isothermaldeformation of the plasticity based strain hardening

material. Shen et al. [22] analyzedthe temperaturehistory compensationin non-

isothermalforging of Ti-6AI-4V. They proposedan isothermalmodelingtechnique,

whichusedathermalcorrectionof the flow stressandfoundbetteragreementwith the

experimentallydeterminedforging load thanwith direct isothermalflow stressdata.

Chenget al. [23] usedacoupleddeformationandthermalanalysisto optimizeprocess

parametersin metal forging.It waspossiblefor themto optimizetheforging velocity

with respectto strainrate andtemperaturegradientsaswell asthetemperaturerange

of theprocess.

Computer and software developmentsmade it possible to include more

processingrelevant parametersthan just the extruded componentat a constant

temperature.In therecentyears,analysisin thefield of the extrusionprocessincludes

not only thethermo-elastic-plasticbehaviorof the extrudatebut alsothe thermaland

elasticdeformationof the extrusiondie. Lu et al. [24] modeledthermo-mechanically

the 2-D extrusion of temperatureand rate dependentAA6061 in the continuous

extrusionConformTMprocessincluding the elastic deformationof the extrusiondie.

The model enabledthe authorsto predict stress,strain,strain rate, andtemperature

distributionsin both,theworkpieceandthemachinecomponents.Udagawaet al. [25]

simulatedthe flow andthermalfields in the extrusionof Ti-6AI-4V tubesincluding

the developmentof an automatedremeshingprocedure.They observedthat heat
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generationdue to the largedeformationsis importantto include in the model since

localized temperatureriseswere over 100 °C. Influencesof the ram speedon the

temperatureandstressdistributionwere investigatedaswell. Long andBalendra[26]

studiedthe effectof the thermaland elasticbehaviorof both the componentandthe

forming tool in cold-extrudedaluminum and steel components.The accuracyof

formedcomponentsis thereforesignificantly influencedby the thermal and elastic

behaviorof theprocess.The thermalexpansion/contractionof aluminumhadgreater

influence than the elastic behavior of the tool. Conversely, for steel, the elastic

deformationof the die and the componentwere dominant factors influencing the

componentform errors.Chandraet al. [27] investigatedthe temperaturerise in the

initial stageof hot extrudedAA606I using a strain rateand temperaturedependent

rigid visco-plasticmaterial law for the workpieceandtemperaturedependentelastic

propertiesfor the extrusiondie.They discoveredtemperaturerisesof asmuchas 100

°C in the initial extrusionstage.Themagnitudeof thetemperaturerisewasinfluenced

by theareareductionratio andtheram speed.The results,which werenot verified in

experiments,were proposedas useful guidelinesin selectingprocessparametersto

avoidextrusiondefectsandminimizetemperature.

The finite elementanalysisof largedeformationprocessespresentsdifficulties

concerningtheprogressivedistortionof themesh.If themeshdistortion is severe,the

computationalerrorsaregenerallyunacceptablyhigh. Thesedifficulties canbesolved

with properremeshingtechniques.In the past, finite elementuserswere forced to

perform remeshingmanually,which is a very time consumingtask. Petersenand
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Martins [28] presenteda paperon an automatic finite element remeshing system for

quadrilateral elements with emphasis on local densification strategies. The algorithm

computed the expected effective strains and effective strain rates allowing the new

mesh generation to be based not only on the present but also on the expected plastic

deformation. PavanaChand and KrishnaKumar [29] analyzed remeshing issues in the

FEA of metal forming processes with focus on the data transfer during remeshing.

Problems usually occur during the component-wise data transfer of tensor quantities

such as stress and strain. The transfer of frictional contact boundary conditions may

also lead to divergence if proper care is not taken while transferring data from the old

to the new mesh.

A recent development in finite element modeling is the application of the

Arbitrary Lagrangian-Eulerian (ALE) method. It combines the advantages of both the

solid Lagrangian formulation and the Eulerian flow formulation. A major

disadvantage of the updated Lagrangian method results from the fact that usually a

considerably high amount of workpiece has to be processed before the desired steady

state is achieved. However, the updated Lagrangian method is capable of predicting

for example the transient chip formation in metal cutting and it obtains free surfaces in

a direct way. However, the mesh is fixed to the material so that mesh distortion

occurs; remeshing is required. In the Eulerian approach, the cutting action is modeled

as the flow around the tool. No mesh refinement is required since the mesh is fixed

spatially. The mesh density is only dictated by the gradients, thus, the Eulerian method

is computationally more efficient and best suited for ductile materials by neglecting
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theelasticdeformationof the material.The fixed meshin spaceis on the otherhand

one of the disadvantagesof the Eulerian flow approachsince a priori assumptions

aboutthe shapeof the flow domainarenecessary.In the ALE analysis,the meshis

neither attachedto the material nor fixed in space.The meshhas a motion that

generally is independentof the material. In the Arbitrary Lagrangian-Eulerian

formulation, models are Lagrangianuntil steadystate conditions are reachedand

equivalentto the Eulerianoneoncetheseconditionsarereached.Gouveiaet al. [30]

compared the updated Lagrangian and the combined Eulerian-Lagrangian

formulationswith respectto the cold forwardrod extrusion.Both methodssimulated

the material flow and the extrusion forces with good agreementto experimental

results. However, only the combined Lagrangian-Eulerianmethod predicted the

friction accurately.Movahhedy et al. [31] demonstratedthat ALE is an efficient

approachin modelingorthogonalmetalcuttingbecauseit combinesthestrengthof the

Eulerianandthe Lagrangiananalysis.The advantageousfeatureof the ALE in metal

cutting is that no changein the mesh topology is neededand frequentremeshing

includingthedatapoint interpolationis avoided,asthemeshmotion becomespartof

the solutionprocedure.Movahhedyet al. predictedthe chip formation, its thickness

andshape.However,no experimentaldatawasusedto verify the simulationresults.

Joyot et al. [32] simulatedthe orthogonalmetal cutting processin two dimensions,

including frictional heating,using an ALE methodand found good agreementwith

experimentalmeasurementsof cutting forcesandchipthickness.
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Simplifying assumptionsof the frictional contactare shortcomingsof many

simulationsof metal formingprocesses.Thesimplestform is usingaconstantfriction

factor.Nakamuraet al. [33] showedhow the forward rod - backwardcanextrusion

canbe usedasa friction testandcarriedout severaltestswith AA6061 and varying

lubricants.PericandOwen [34] publisheda comprehensivework on FE in nonlinear

mechanics. They covered finite-strain elasto-plastic deformations material

incompressibility,adaptivemeshrefinementas well as modeling frictional contact

conditions.The friction coefficient was developedas a function of the density of

frictionalwork, which actsasan intemalvariable.Theresultantconstitutivemodel for

frictional contact is analogousto classicalwork hardeningplasticity. Oanceaand

Laursen [35] proposeda thermodynamicallyconsistent frictional model, which

includedthe couplingof mechanicalresponseto the thermalfield through frictional

heatingaswell astheratedependence.The frictional modelwassuccessfullyapplied

to anumberof examplesincludingfrictionalcontactbetweentwo bodies.Antunezand

Kleiber [36] presentedasteadystate,2-D Eulerianapproachof metalcutting including

a sensitivityanalysisto thefriction coefficientin a Coulombfriction law.

3.2 Modeling Friction Welding

The role of friction in material joining techniques first became important with

the development of Friction Welding in the early 1960's. Dickson and Bahrani [37]

gave an outline of the main types of the friction welding process describing the effect

of the main process variables like the velocity of rubbing, the axial pressure, the
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weldingtime aswell asthethermalandfrictional materialproperties.Frictionwelding

is a solid-statejoining processthat producescoalescenceby the heat developed

betweentwo surfacesby a mechanicallyinducedrubbingmotion,mostlyof rotational

nature.The two surfacesareheld togetherunderpressureanddue to the developed

heating,a plasticizedlayer forms at the interface.After a predeterminedtime the

rotation stopsand the pressureis increasedto facilitate forging of the heatedmetal.

Processmodelshavebeena greatsupportin understandingprocessdetailsbringing

friction welding to full-scaleproductionin industry.Midling and Grong [38] were

amongthefirst who developedaprocessmodelincludingaheatflow model,thestrain

ratedistributionakinetic modelandconstitutiveequations.Eventhoughtheheatflow

model was just one dimensionalthey were able to predict adequatelythe peak-

temperatureandtime-temperatureprofile over a wide rangeof operationalconditions

of welding AA6082-T6 andanAI-SiC metalmatrix composites(MMC). Midling and

Grong predictedstrain ratesthat might exceed1000 s-1 in positionsclose to the

contactregion.The strainrateswerecalculatedbasedon ananalyticallyassumed2-D

velocity distribution. Vairis and Frost [39] reportedon the extrusionstagein the

recently developedlinear friction welding of Ti-6AI-4V, where two parts move

relative to eachother underpressurein a direct reciprocatingmodeproducedby a

linearmechanism.They obtainedtheheatflow and thestraindistributionin a similar

analyticalmodel as Midling and Grong.Due to the oscillating natureof the linear

friction welding processthe reportedstrainrateswereabouttwo ordersof magnitude

lower than in conventionalcontinuousdrive or inertia friction welding. Fu andDuan

[40] reportedon a FEM model, which combineddeformationand heat flow for a

17



friction weldedjoint of anickel-basesuperalloy.Thecalculatedtemperaturestressand

strain fields were in good agreementwith experimentalresults.Francisand Craine

[4l] publishedtheir model on continuousdrive friction welding of thin steeltubes.

They approachedthe processusing a flow formulation but used only a constant

Newtonianviscosity, which does not accountfor the temperatureand strain rates

dependenceof thematerial.Healyet al. [42] proposedananalyticaldynamicanalysis

of the equilibrium phasein friction welding using a Binghamplastic model for the

apparentviscosity and calculatedthe equilibrium torque in good agreementwith

experimentaldata.Bendzsaket al. [43] developeda two dimensional,steadystate

Eulerianflow modelof friction welding. The non-Newtonian,laminarmaterial flow

wassimplifiedby assumingisothermalconditions,hence,theviscositywasa function

of the strainrate, only. This modelwas the first to give insight in the material flow

pattern in friction welding. Zhai et al. [44] and North et al. [45] comparedthe

numerically obtainedmaterial flow of friction welded AA6061/A1203 MMC with

experimentallyobservedflow patternsand foundan excellentagreement.Despiteits

simplifying assumptions,Bendzsak'sEulerian flow model has been successfully

appliedto thesteadystatestagein thefriction weldingprocess.

3.3 Experimental Material Flow Analysis in Friction Stir Welding

There have been some studies incorporating flow visualization in Friction Stir

Welding. Midling [46] investigated the influence of the welding speed on the material

flow in welds of dissimilar aluminum alloys. He was the first to report on interface
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shapesusing imagesof the microstructure.The flow visualization, however, was

limited becauseno otherdetail except for the interfaceof the different alloys was

investigated.Li et al. [47] described patterns observed on metallographic cross-

sections in friction stir welds made between dissimilar aluminum alloys and between

aluminum alloys and copper. The material flow was described as a chaotic-dynamic

mixing. Colligan [48] studied the material flow using embedded steel spheres placed

along the weld centerline before welding. Colligan reported that material is stirred

only in the upper portion of the weld and that in the rest of the weld, material is simply

extruded around the pin. Colligan's approach to flow visualization, although elegant,

was limited by following single points in the weld. However, it must be stated that

details of the material flow are dependent on the exact tool geometry and the welding

parameters used; therefore, the generality of any conclusions about the material flow

has not been established.

Seidel and Reynolds [49], Reynolds et al. [50], Reynolds et al. [51], Reynolds

[52], and Seidel and Reynolds [53] have analyzed the material flow of AA2195-T8 in

several friction stir welds using a marker insert technique. This method is based on a

post weld determination of the position of AA5454-H32 markers placed in the laying

surface of the weld. The marker insert technique allows determination of the positions

of material pre- and post-welding in the thermo-mechanically affected zone (TMZ) by

a serial sectioning technique. As a result, full three-dimensional plots of the deformed

markers are obtained. They provide a good qualitative characterization of the material

flow in friction stir welds. An extended analysis of the material flow in friction stir
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welds performedin different materialswith varying welding parametersand tool

geometriesis presentedin 5.

Larssonet al. [54] investigatedthematerial flow andmechanicalpropertiesof

dissimilar friction stir welds containingAA6082 and AA5083. Although dissimilar

alloyswerewelded,the flow patternshowsthesamefeaturesasthey werediscovered

in theUSCfriction stir weldsusingthemarkerinserttechnique([49]-[ 53]).

Londonet al. [55] presenteda very nicework on flow visualizationin friction

stir weldedAA7050at theAeromatConferencein 2001.They usedSiC powderasa

flow tracerand determinedthe positionsof the tracerby post-weldmetallographic

sectioning.By stoppingtheFSW tool abruptlywhile thetool did not passthe tracers

completely,London et al. were able to follow the material's flow path on its way

aroundthetool. The resultingfinal positionsof the tracerswere almostidenticalwith

themarkerpositionsof themarkerinserttechniqueat USC.

3.4 Analytical and Numerical FSW Models

Since the invention of Friction Stir Welding (FSW) in 1991, analytical as well

as numerical models were developed accompanied by extensive experimental work in

order to gain more information about the mechanisms of the process. The first models

were of analytical nature and dealt with the heat flow in FSW. Russell and Shercliff

[56] presented a quasi-steady state analytical heat flow model, which combined a

frictional shoulder heat generation and a distributed circular source solution. However,
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the authors ignored the effect of the tool pin, and bulk material heat generation.

Frigaardet al. [57] developeda 2-D numericalheat flow model basedon the finite

difference approach including transient heating and cooling in FSW. As the

aforementionedauthors,Frigaard et al. neglectedthe heat generationdue to the

rotatingpin aswell. Frigaardandhis co-authorsexpandedtheir model to a 3-D heat

flow analysisbasedon the method of finite differences[58]. With the obtained

temperatureprofile, whichpredictedthepeaktemperaturesapproximately30°Cabove

the measuredones,they were ableto make goodpredictionsof the hardnessin the

weld nugget.Gould and Feng[59] publishedtheir work on a relatively simpleheat

flow modelthat useda point heatsourceandconsideredonly frictional heatingat the

shoulder.The first thermalandthermo-mechanicalFEM work on FSW wasdoneby

ChaoandQi [60]. Themodelwasthree-dimensionalandincludedthebackingplateas

well asa reducedyield stressin theweld nugget.Theheatgenerationin their model

wasdueto frictional contactbetweentool shoulderandworkpieceonly. However,the

total heat input was obtained by fitting the analytical model to experimental

thermocoupledata. Basedon the 3-D temperaturedistribution post-weld residual

stresseswerecalculated.Tanget al. [6l] publisheddetailedexperimentaltemperature

data of friction stir welded AA6061-T6. They measuredalmost constant peak

temperaturesbetween pin and shoulder in transversedirection with decreasing

temperaturesfrom thecrown to the root of theweld. Tangat al.concludedfrom their

datathatthe frictionat thetool shoulderdominatestheheatgenerationin FSW.
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Stewardet al. [62] were the first to presentanalytical models of the FSW

process.With the developmentof the "Mixed Zone" model and the "Single Slip

Surface",theywere ableto predictthe shapeof the weld plug, the energyinput, the

forces, and the maximum temperatures.Although the single slip model, which

includesarestrictedzoneof deformingmaterial,wasthemostsuccessfulmodelsofar,

it ignoredthethreedimensionaleffectsin FSW.Nunes[63] createda plugmodelupon

the work of Stewardet al., in which material is transportedaround the pin as it

translatesthroughtheworkpieceby a "last in first out" wiping action.Accordingly,

materialmovementoccursonly aroundtheretreatingsideof the pin. His "merry-go-

around model" accompaniedby copper wire experimentsshowed a secondary

circulationdriven by the threadsof the pin, creatinga vortex ring, which is mainly

responsiblefor moving material in and out of the primary plug. The most recent

developmentsin FSW processmodels focus on the numerical simulation of the

materialflow.

Smith et al. [64] determinedthe non-Newtonianpropertiesof the plasticized

regionusing an iterative process.They convertedtorque datameasuredduring the

plungingof the tool into viscosityand usedit asan input for a 2-D flow model,in

which viscousdissipationwasusedasthe only heatsource.A convergedsolutionof

the viscositywas foundwhenmeasuredandcalculatedtemperatureprofiles matched.

Smithet al. appliedtheobtainedviscosity in athreedimensionalmodelbasedon the

flow formulation.However,only preliminarysimulationresultswerepublished.North

et al. ([65] and [66]) continuedthe work of Smithet al. anddevelopeda 3-D FSW
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modelbasedon the flow formulation.Computationallimitationspreventedthemfrom

performing a coupled analysis. Instead, they assumedconstant temperaturesin

different regions in the flow domain. Consequently,North et al. used a constant

viscosityequalto thatattheeutectictemperature.

Colegroveet al. [67] showeda3-D modelincludingathreadedpin,whereheat

was generatedat the shoulderonly. The model consistedof a global thermal and a

local thermo-mechanicalmodelnearthetool. It is believedthat dueto thecoarsemesh

thatColegroveatal. used,importantinformationin thevicinity of thetool is lost.

FSW processmodels are valuabletools to determinethe influence of the

diverseFSW relatedparameterson the flow field and on the materialconsolidation

behind the tool. As shown, efforts have been undertakento create full three-

dimensionalprocessmodels.At USCtwo different typesof FSWprocessmodelsare

pursued:A solid mechanicsbasedmodel is developedby Xu, S. [68] and currently

expandedto 3-D. The other approachis a fluid mechanicsbasedmodel. A two-

dimensionalmodel has beendevelopedto determinethe correctnessof the "flow

formulation"approach.As the flow visualizationhasshown,the flow patternchanges

throughoutthethicknesswith increasingrotationalto translationalspeedratio. Hence,

a 3-Dprocessmodel,which includesalsothetool shoulder,may simulateandrebuild

the complicatedflow pattemobservedin many welds. In the presentresearchthe

commercialavailablecomputationalfluid dynamics(CFD)codeFLUENT wasusedto

developa FSW processmodel. As a first step,the 2-D model simulatesthe steady
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state, laminar material flow past a rotating circular cylinder with a coupled heat

generationdue to viscousdissipation.The aluminum alloy is consideredas a non-

Newtonian,shearthinning fluid. Theviscosityis basedon theflow stressof aluminum

using the Zener-Hollomonparameter.The model was used to perform parametric

studieswith respectto the welding parametersand materialproperties.Several3-D

geometrieswere createdandtestedfor differentwelding parameters.In the simplest

form, the tool consistsonly of a non-threaded,non-tilted pin. Most researchwas

conductedwith anon-tilted tool,which consistsof a fiat shoulderwith anon-threaded

pin. The physicsof themodel,theresultsof the 2-D modelandof the 3-D modelare

presentedin thechapters6, 7, and8, respectively.



4 Experimental Procedures

4.1 Friction Stir Welding

The friction stir welds presented in this research served two purposes.

Different aluminum alloys were welded at varying welding parameters to visualize the

material flow with maker inserts. Welds were also performed at different welding

parameters to acquire weld specific data such as tool forces, torque, and power. The

procedure to produce the welds has already been discussed briefly in Chapter 2.

All friction stir welds before the year 2000 were performed on a displacement

controlled 15 Hp Supermill vertical milling machine at the University of South

Carolina. For example, all the aluminum plates prepared for the flow visualization

using the marker insert technique (Section 4.2) were welded on the milling machine.

In 2000, USC purchased the first custom built Friction Stir Welding Process

Development System (FSW-PDS) from MTS Systems Corporation. During the fully

automated welding process data such as spindle speed (RPM), welding speed (WS),

tool forces, torque is acquired. Load and displacement controlled welding are possible

with the PDS. In general, load controlled welding is preferred because it usually

guarantees better (more uniform) weld quality. The vertical force on the FSW tool is

used as a control parameter instead of a constant vertical tool displacement, i.e. the
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plungedepth.In displacementcontrolledwelding,thetool is hold at the samevertical

positionregardlessof shapechangesof theplatesto bewelded.

In load controlled welding, a constantvertical force (z-force) is maintained

during welding.Assumingthat the z-forceprovidesenoughforging pressurefor full

weld consolidationat all times, small changesin the plate thicknessfor exampledo

notcausea differentweldquality. Thetool is following the shapeof theplatesurface.

Loadcontrolledwelding is moreusefulfor industrialapplicationswheredifferent3-D

shapedpanelsmaybewelded.Hence,loadcontrolledwelding doesnot only providea

moreconsistentweld quality, it is also more applicationoriented thandisplacement

controlledwelding. The different weld setupson the two machinesaredescribedin

sections4.1.1and4.1.2.

The single-passfriction stir welds investigatedin this researchwere butt-

weldedplatesof 8.1mm thick aluminumalloysexceptfor partially penetratedwelds

in 25.4mm thick AA6061 asdescribedin Section4.1.2.The aluminumalloys 2024-

T351, 2195-T8, 2219-T87, 5083-0, 6061-T6, 7050-T76, and 7075-T735l were

welded using different welding parametersand tools, respectively.Table 4-1 and

Table4-2 list thenominalcompositionsof thedifferentaluminumalloys.

Commonfeaturesfor all tools usedfor the 8.1 mm thick platesinclude:pins

threadedwith a standardmachine screw type thread and a thread pitch of 0.8

threads/mm,ashoulderdish angleof 7° (concavity),apin lengthof 7.9 mm, anda pin



tip radiusof 8 ram.Thestandardtool, which wasusedin mostof thewelds,hada 9.9

mmpin diameteranda 25.4mm shoulderdiameter.

2024-T351

Comp. Wt. %
AI 93.5

Cr Max 0.1

Cu 3.8- 4.9

Fe Max 0.5

Mg 1.2- 1.8
Mn 0.3- 0.9

Si Max 0.5

Ti Max 0.15

Zn Max 0.25

2195-T8

Comp. Wt. %
A1 93.98

Cu 4.0

Li 1.0

Mg 0.5

Ag 0.4
Zr 0.12

2219-T87

Comp.

A1

Ca

Wt. %

93

5.8-6.8

Fe Max 0.3

Mg Max 0.02

Mn 0.2 - 0.4

Si Max 0.2

Comp.

AI

Cr

5083-0

Wt. %

94.8

0.05 - 0.25

Cu Max 0.1

Fe Max 0.4

Mg 4 - 4.9

Mn 0.4- 1

Ti 0.02 - 0.1 Si Max 0.4

V 0.05- 0.15 Ti Max 0.15

Zn Max 0.1 Zn Max 0.25

Zr 0.1 - 0.25

Table 4-1 Nominal compositions of the aluminum alloys 2024, 2195, 2219, and

5083.

5454-H32

Comp.

AI

Cr

Cu

Fe

Mg

Wt. %

96.4

0.05 - 0.2

Max 0.1

Max 0.4

6061-T6

Comp.

A1

Cr

Cu

Fe

Mg

Mn Mn

Si Max 0.25 Si

Ti Max 0.2 Ti

Max 0.25Zn Zn

Wt. %

98

0.04 - 0.35

0.15 - 0.4

Max 0.7

0.8- 1.2

Max 0.15

0.4-0.8

Max 0.15

Max 0.25

7050-T76

Comp.

Al

Cr

Cu

Fe

Mg

Mn

Si

Ti

Zn

Zr

Wt. %

89

Max 0.04

1.9-2.5

Max 0.15

2 - 2.7

Max 0.1

Max 0.12

Max 0.06

5.9 - 6.9

0.08 - 0.15

7075-T351

Comp.

AI

Cr

Cu

Wt. %

9O

Fe Max 0.5

Mg 2.1 - 2.9

Mn Max 0.3

Max 0.4

Ti Max 0.2

Zn 5.1 - 6.1

Zr+Ti Max 0.25

Si

Table 4-2 Nominal composition of the aluminum alloys 5454, 6061, 7050, and

7075.



4.1.1 Welding on the Vertical Milling Machine

Single-pass butt welds on the displacement controlled vertical milling machine

required generally four steps. First, two aluminum plates were clamped onto a steel

backing plate on the movable table of the milling machine. The clamping prevents

unintentional movement of the plates during welding. Second, the rotating FSW tool

was slowly plunged into the faying surface of the two plates. The end of the plunging

step corresponded to a constant initial backing plate-to-pin clearance of 0.08 mm with

the milling machine unloaded. The third step was considered as the actual welding.

The rotating FSW tool started moving at the welding speed relative to the two plates to

be welded. For all welds, a constant tool-to-workpiece normal angle was maintained at

approximately 2.5 degrees. The setup provided adequate forging pressure at the heel

of the tool shoulder for full weld consolidation and maintained close enough clearance

between the bottom of the pin and the backing plate to promote full penetration of the

dynamically recrystallized zone. At the forth and last step of a friction stir weld, the

rotating tool is retracted form the weld after stopping the translational table movement

of the milling machine. A hole was left in the weld at the location of the tool at the end

of welding.

4.1.2

2000

FSW Process Development System PDS

The Process Development System (PDS) built by MTS Systems Corporation in

is a customized machine for friction stir welding. Control (or welding)



parametersarethe spindlespeed,theweldingspeed,andthevertical forceon thetool.

In contrast to displacementcontrolled welding with a fixed pin clearance,load

controlledwelding requiredthe new welding parameter,the vertical force, which is

also called z-force. The z-force was optimized for each weld dependenton the

rotationalvelocity, the welding speed,the basematerial,and the plate thicknessby

judging the weld surface.An optimal z-forceprovided enoughforging pressurefor

fully penetratedweldswithout excessiveflashat thetopsurface.

RPM WS Z-Force Weld Pitch

(mm/s) (kN) (mm/rev)

240 1.279 22.24 0.32

240 2.36 26.69 0.59

240 3.3 28.02 0.825

390 1.23 21.35 0.189

390 2.36 22.24 0.363

390 3.3 28.91 0.508

Table 4-3 Welding parameters for friction stir welds in 8.128 mm thick

AA6061-T6 plates using the FSW tool #1 (9.9 mm and 25.4 mm pin and shoulder

diameter, respectively). The tool to workpiece angle was 2.5 degree in all welds.

Table 4-3 lists the welding parameters that were used in 8.128 mm thick, butt-

welded AA6061-T6 aluminum plates. All welds were performed with the standard

tool described in Section 4.1 (9.9 mm and 25.4 mm pin and shoulder diameter,

respectively), which was tilted 2.5 degree from the vertical axis. The data of these
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weldspresentedin Section7.4.3.1is usedfor comparisonwith corresponding2-D and

3-DFSWprocessmodels,respectively.

Friction stir weldswerealsoperformedin AA7050-T76at threeconstantweld

pitchesbut equally changingthe rotationaland the welding speedas listed in Table

4-4.The specificweld energyis comparedin Section7.4.4.1with corresponding2-D

model results.

WP=282 mm/rev

RPM

180

270

360

540

630

810

Table

WS Z-Force

[mm/si [NI

0.85 22240

1.27 23574

1.69 25800

2.54 35584

2.96 35584

3.81 35584

WP=0.423 mm/rev

RPM

180

240

360

540

720

I WS[mm/sl

1.27

1.69

2.54

3.81

Z-Force

IN1

24464

24464

31136

35584

5.08 37808

WP=0.564 mm/rev

RPM

90

135

180

270

315

405

WS Z-Force

[mm/sl [N1

0.85 28912

1.27 28912

1.69 26688

2.54 37808

2.96 37808

3.81 46704

4-4 Welding parameters of the AA7050 friction stir welds at three constant

weld pitches.

Three partially penetrated friction stir welds were performed in a 25.4 mm

thick AA6061-T6 plate using a so-called zero-degree tool. The FSW typical tool to

workpiece angle was avoided adding features to the tool shoulder that prevent the

rotating tool from excessive out of the vertical line rotation. Scrolls were machined in

the tool shoulder such that material is moved from the outer shoulder diameter towards
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thecenterof the tool. An advantageof the zero-degreetool is thebettersuitability for

industrial welding where friction stir welds on three-dimensionalpanels are

performed.The shoulderdiameterin of thezero-degreetool was33 ram.Thepin was

a non-threaded10 mm long cylinder with a diameter of 12.7 ram. The welds

performedwith thezero-degreetool wereespeciallythoughtfor thevalidationof thee-

dimensional,numerical processmodels. It is worth mentioning that the pin and

shoulderdiameteraswell asthepin lengthwere25 % largerthanin the standardtool

describedabove.

Case

1

2

3

4

RPM

232

390

464

540

WS

(mm/s)

2.35

2.35

2.35

2.35

Z-Force

(kN)

31.14

28.9l

26.69

24.46

Table 4-5 Welding parameters

Weld Pitch

(mm/rev)

0.607

0.362

0.304

0.261

for the zero-degree welds in

AA6061-T6.

25.4 mm thick

During welding, the PDS recorded a number of friction stir welding relevant

data. Measurements include the time, the distance, the longitudinal and vertical force,

the spindle and welding speed, as well as plunge depth, and the hydraulic pressure

difference at the spindle. The forces were measured using load cells. The hydraulic oil

pressure difference at the spindle motor was converted to torque. The measured torque

included the torque required for free spindle rotation, which was subtracted. The
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torqueat the tool wasthencalculatedfrom theproduct of the netspindletorqueand

the motor efficiency, which dependedon the rotational spindle speed.The motor

efficiencyaccountedamongothersfor themechanicallossesin bearingsandoil leaks

in thepressuretubes.It wasassumedthat the mechanicalwork of the PDScorrected

by the motorefficiency wasput into a friction stir weld. Hence, the power of a weld

was calculated from the product of spindle speed and torque.

The measured data such as forces and power was used for comparison and

validation of the numerical FSW process model presented in the chapters 7 and 8.

4.2 The Marker Insert Technique

The material flow in friction stir welds was visualized using the marker insert

technique. A total of six 2.7 mm high, 1.8 mm thick, markers were placed in the weld

path in order to gain information about the overall material transport and detailed

information about flow variations through the thickness of the plates. The marker

inserts were made of an aluminum alloy with different etching characteristics than the

base material. Inserts were placed on both the advancing and the retreating sides, at

three different heights covering the top, middle and bottom thirds of the plate. Inserts

were staggered along the weld line so that the possibility of mixing of the markers

from different positions was eliminated. The length of the markers was such that some

of the marker, remote from the weld line, extended beyond the TMZ and was not

deformed by the welding process. Markers were placed by milling narrow slots into

the faying surface and press-fitting the markers into the slots. For the markers that
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were placed in the middle third of the plate, a base metal shim of similar size to the

marker was press fit into the upper third of the plate above the marker. Figure 4-1

shows schematically the configuration of the six inserts which, when put together,

cover the total height and width of the welded zone.

Welding Direction

',i i l _ InsertsSide View I I II _ _ I

Base Material j

Top View

•_.1.... I .... It_._
I- 1

We d C en terline

Figure 4-1 Schematic view of the placement of the six markers. Two markers

were placed at the top, middle, and bottom of the plates, respectively, and were

staggered on advancing and retreating side.

The marker flow was elucidated by milling off successive slices, 0.25 mm

thick, from the top surface of the weld. After each cut the surface was etched with

Keller's reagent and digital images of the region surrounding each marker were

obtained. Due to the etching process, the alloy rich in copper turned dark whereas the

other alloy was relatively unaffected by the etchant. The pixel positions of the markers

were extracted from the digital images of each marker (a total of six) at each level (up

to 32 per weld). Combining the data from all six markers, a three-dimensional
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visualization of the deformed markers, similar to a CT scan was obtained. The 3-D

plot gives the final position of a thin layer (1.8 mm thick) that was originally

perpendicular to the welding direction. The digital camera has an aspect ratio of

vertical ratio of 0.8533 (ratio of the vertical to the horizontal axis). The spatial

calibration was based on the marker thickness (1.8 mm). The extracted pixel positions

in from the images were converted to real distances using spatial calibration and the

aspect ration. Additionally, the position of the centerline was marked in each weld as a

reference line.

Weld Tool

Pin Diameter

(mm)

38 1 9.9

45 5 12.0 25.4

46 6 7.8 25.4

47 4 9.9 20.3

48 3 9.9 30.5

74 1

75 1

176

9.9

9.9

9.9

Shoulder

Diameter

(ram)
25.4

25.4

25.4

25.4

RPM

232

WS

2.35

Weld Pitch

(mm/rev)

0.61

232 2.35 0.61

232 2.35 0.61

232 2.35 0.61

232 2.35 0.61

397 3.3 0.5

397 2.35 0.35

397 1.279 0.19

Table 4-6 Tool and weld parameter details of the AA2195-T8 welds.

The marker insert technique was first applied to friction stir welds in AA2195-

T8 using AA5454-H32 as marker inserts. Here, the base material is rich in copper

whereas the marker contains almost no copper. For each weld made, the pin and

shoulder diameter as well as the rotational and welding speed are listed in Table 4-6.
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The weld pitch is defined as the tool advanceper revolution (welding speed /

rotational speed). However, although the weld pitch is an important factor, welds

made with the same pitch may have differing energy inputs, in particular, for two

welds with the same weld pitch, the weld with the higher welding speed and RPM will

it_'general be "colder" than one with lower welding speed and RPM. It is important to

note that all of the welds studied were essentially defect free and exhibited similar

properties to each other when tested in transverse tension [51 ].

The marker insert technique was also used to visualize the material flow in the

aluminum alloys 2024-T351, 2219-'I"87, 5083-0, 6061-T6, 7050-T73, 7075-T7351,

AA5454-H32 markers were inserted in welds of aluminum alloys of the 2XXX and

7XXX series. In the AA5083 and AA6061 welds, AA2024 and AA7075 were used as

the marker material, respectively. In addition to the 6 markers previously described, 2

markers covering the total height were placed at the same location on advancing and

retreating side, respectively, such that one marker was covering the whole weld zone

when the plates were clamped on the backing plate. For the purpose of data reduction,

the welds were milled off in 0.5 mm thick slices. Consequently, digital images of the

seven markers were taken at 16 layers throughout the weld height.

The welds were performed at three different sets of welding parameters listed

in Table 4-7, which are categorized as "cold", "nominal", and "hot". Note that the

welding condition "'nominal" and "hot" are the same as for Weld 75 and 76 (Table
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4-6), respectively. The "hot" welds in AA5083-O and AA6061-T6 were performed at

637 and 832 RPM, respectively. 232 RPM were used in the "nominal" AA2219 weld.

Condition

Cold

Nominal

Hot

Alloys

2024,2219

5083,6061

7050,7075

2024

5083,6061

7050,7075

2024,2219

7050,7075

RPM WS Weld Pitch

(mm) (mm/rev)

232 3.3

397 2.35

397 1.279

0.853

0.355

0.185

Table 4-7 Welding parameters of the "cold", "nominal", and "hot" welds for the

flow visualization of the 2XXX, 5XXX, 6XXX, and 7XXX aluminum alloys.



5 Flow Visualization with the Marker Insert

Technique

The detailed analysis of the material flow pattern in FSW for several welding

conditions and different aluminum alloys is presented in this chapter. The structure of

this chapter is the following. Some general aspects of the material transport are

discussed with the example of Weld 38, a relatively "cold" weld (weld pitch 0.61

mm/rev) in AA2195-T8. The effects of varying welding parameter, different pin and

shoulder diameters in AA2195-T8, respectively, are shown in the Sections 5.2, 5.3,

and 5.4. Thereafter, in Section 5.5, the flow characteristics of the alloys AA2024,

AA7050, AA5083, and AA6061 are presented usually for three sets of welding

parameters to study the effect of different weld energy on the material flow.

In the following the x-, y-, and z-axis refer to the welding direction, the

transverse direction, and the weld height, respectively. All welds had some general

material flow patterns in common. The flow is not symmetric about the weld

centerline. The flow patterns on advancing and retreating side are different because the

relative velocities between the tool and workpiece are different on both sides. The

marker insert technique does not directly provide information on the actual flow path

of the material because it shows only the final position of the markers in the weld.
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5.1 The General Flow Pattern

Figure 5-1, 5-2, and 5-3 illustrate the process by which the images from

separate markers are combined to provide a full 3-D view of material flow. Figure 5-1

is an image of the etched marker from the advancing side of Weld 38 at a height of 4

mm in the weld (near the mid-plane). Figure 5-2 is from the same height in Weld 38,

but is an image of the corresponding retreating side marker. The vertical line in both

Figures 5-1 and 5-2 indicates the weld centerline. In Figure 5-3, the marker position

data, extracted from Figure 5-1 and Figure 5-2, have been combined into a single,

binarized, image. The images were combined so that the undeformed markers on the

advancing and retreating sides were aligned (vertical alignment as seen in the images)

and so that the weld centerline from both images is coincident (horizontal alignment).

No overlap between the advancing and retreating side markers was observed, but

when combined, the two markers form a continuous path from the advancing to

retreating sides in Weld 38.
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Figure 5-1 Picture of the advancing side marker at the middle height (z=4mm) of

Weld 38. Rotation direction was clockwise. The bulk of the marker was

transported against the welding direction. However, a small amount was moved

forward at the edge of the pin.

Figure 5-2 Picture of the retreating side marker at the middle height (z=4mm) of

Weld 38. This marker was transported against the welding direction, only.
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Figure 5-3 The images of the advancing (Figure 5-1) and retreating side (Figure

2-1) markers are combined and binarized in one image (c) at the middle of Weld

38 (0.61 mm/rev). The tool rotation was clockwise.

The bulk of the marker material was moved to a final position behind its

original position and only a small amount of the material on the advancing side was

moved to a final position in front of its original position. No material was transported

further backwards than one pin diameter behind its original position. It is important to

mention that in a "cold" weld as Weld 38, the material flow as presented in Figure 5-3

is characteristic for the material flow throughout the weld height, except for the region

close to the tool shoulder. However, the width of the deformed zone decreases towards

the bottom of the weld because of the curved lower end of the pin. FSW can be

roughly described as an in-situ extrusion process where the tool shoulder, the pin, the

backing plate, and the cold base material form an extrusion die. It is nowadays well

accepted that all the material, originally within the pin diameter, is passing the tool on

the retreating side [55], [63], [68]. Experiments and numerical models have
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successfullyshown that material is moved in rotation direction (here clockwise)

aroundthetool to its final position.

Figure 5-4 The deformed markers just below the tool shoulder at z=8mm in Weld

38.

The flow pattern close to the broad shoulder is different than observed in lower

heights of the weld. Figure 5-4 shows the assembled markers from advancing and

retreating side close to the top surface of Weld 38 at a height of 8 mm. Near the top of

the weld, because of the shape of the tool, a substantial amount of material is moved

from the retreating side of the weld to the advancing. The advancing side marker is

transported only in welding direction at z=8 mm. The movement of material from the

retreating to the advancing side causes vertical mixing in the weld and a complex

circulation of material around the longitudinal axis of the weld. The amount of vertical

material flow in the weld is strongly correlated with the weld energy of the weld and is

discussed in detail in Section 5.2.
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Directioa

Figure 5-5 Three-dimensional plot of the markers in Weld 38 (0.61mm/rev). The

weld height (vertical axis) is magnified by a factor of 2.5. The markers are

continuous after welding. The bulk of the material was transported against the

welding direction behind its original position. Material transport in welding

direction occurred only at the advancing side of the tool.

The assembly procedure was performed for each of the 30 to 32 levels in each

weld. Combining the data of all detected marker positions at all 30 - 32 levels, one

obtains three-dimensional plots: one of these 3-D plots for Weld 38 is shown in Figure

5-5. In Figure 5-5, the welding direction is into the plane of the paper and the contour

variable (represented by the shade of gray applied to a data point) is the y-coordinate

or position along the weld line. The z-axis of the plot is the height in the weld and is

magnified by a factor of 2.5. One can see that the markers, assembled as described

above, are continuous after welding. The bulk of the material is transported to a

position behind its original position, but none by more than one pin diameter. In the

top third of the weld, a substantial amount of material is transported forward of its
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original position (in the direction of welding), presumablyby the action of the

shoulder.This forward transportoccursfor materialoriginally on both the advancing

andretreatingsides,however,all of thematerial transportedforwardendsup on the

advancingside of the weld. At lower levels in the weld, where the influenceof the

shoulderis diminished,only asmall amountof markermaterialon theadvancingside,

slightly morethana pin radiusfrom theweld centerline,wasdetectedin front of its

originalposition.

;30

"25

2O

tO

5

0

Welding

Direction

Figure 5-6 Front view of the 3-D plot of the deformed markers in Weld 38.

The 3-D plot of the markers is seen in a view against the welding direction in

Figure 5-6. Note the apparent gap in the lower third of the advancing side. Here,

material in this area is distributed over a wide range in the horizontal plane.

The material flow in the lower third of the weld height is different from the

backward transported material, which is predominant elsewhere. Several flow features

can be seen in Figure 5-7, which shows the bottom marker on the advancing side at

z=2 mm. First, material extruded around the pin was deposited over a wide range in
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the welding direction. The marker was detectedat positions even in front of its

original indicatingforwardtransportwithin theweld nuggetregion.Second,the insert

wasdepositedin a serratedform wherebasematerial is "mixed" in the marker.The

distancebetweentwojaggedpeakscorrespondsexactlyto oneweld pitch (0.61mm).

Theserratedformof markers,depositedin the lower two-thirdsof theadvancingside,

occurs in most (if not all) welds. However, the mechanismsof formation of the

serrationsarenotknown.Third, materialat theedgeof theweldnuggetis transported

in athin layerin weldingdirectionto positionsin front of its original.

Figure 5-7 Marker from the advancing side of Weld 38 at z=2 mm.

A reason for the marker distribution over a wide range in the horizontal plane

might be the contact time of the marker with the tool. It will be shown in the following

sections that in welds with higher weld energies the marker from the top (mostly of the
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advancingside) is pusheddown to the lower third of the weld height. Material

originally fromthetopbeingdepositedcloseto thebottomof theweldwill mostlikely

"travel" the longestdistanceduringwelding. Hence,the highestdegreeof mixing is

expectedin this region. The widespreaddepositedmarker at lower weld heights

(mainly on theadvancingside)asshownin Figure5-7occurredin all weldspresented

in this chapter.Therefore,Figure5-7shallbe takenasarepresentativepicture for the

flow phenomenonin this regioneven thoughthe patternof depositedmaterial may

vary fromoneweld to theother.

a) Markers before welding

W
e
I
d

b) Markers after welding
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Figure 5-8 Vertical mixing in Weld 38 (0.61 mm/rev). The markers are projected

in the vertical plane viewing in welding direction. (a) shows the undeformed

markers before welding and (b) shows the vertically mixed six markers after

welding. The solid and the dashed lines denote the centerline and the pin

diameter, respectively.
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A 3-D plot, as shownin Figure 5-5 gives no information about the vertical

mixing of the 31 layers.A projectionof the markerpositionsontoa verticalplanein

the welding direction is best suited to give detailedinformation about the vertical

materialflow. Figure5-8showsthesix markersbefore(Figure5-8a)andafter(Figure

5-8b)welding. A differentgray scalelevel hasbeenassignedto eachmarkerso that

thepost-weldingpositionof eachmarkermaybedeterminedin theplot. Note that the

bulk of the material, e.g. inside the pin diameter(dashedlines), was transported

towardstheobserver,which is equivalentto thematerialtransportbackwardsrelative

to the welding direction.Material is pusheddownwardson the advancingside and

moved upwardstowardsthe top at the retreatingside within the pin diameter.It is

believedthat thecounterclockwisematerialmovementaroundthe longitudinalaxis is

initiatedby thematerialtransportdueto the rotationof the tool shoulderat thecrown

of the weld. At the crown, material from the retreatingside was transportedto the

advancingside occupyingspaceon the advancingside. Since FSW is a nominally

constantvolumeprocessandthe shoulder,thepin, andthe undeformedbasematerial

restrictthe flow path, thetransportof material from theretreatingto advancingsides

bytheshouldercausesmaterialfrom thetopof theadvancingsideto movedownward

within the pin diameter.Closer to the root of the weld, the material transport is

restrictedby the backing plate; therefore,an upward motion is detectedon the

retreatingside within and near the pin radius. The net result of the upward and

downwardmaterialflows is acirculationaboutthe longitudinalaxisof theweld.
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It is important to realize that the vertical circulation is a secondary motion,

overlaid over the primary material transport in rotation direction around the rotating

tool in the horizontal plane of the weld. Considering only markers on the retreating

side, it seems obvious that material is moved (extruded) in the rotation direction

around the pin. However, using the marker insert technique, no statement can be made

about the flow path of material on the advancing side. Both, flow around the

advancing and the retreating side is conceivable but nothing indicates the true flow

path. However, the process models presented in the chapters 6, 7, and in 8 as well as

other published literature (e.g. [55] and [63]) agree that material, originally within the

pin diameter, is transported around the retreating side only. Additionally, the marker

insert technique does not provide any information about how often material rotates

with the tool before it ends at its final position. After all, the tool completes 3 rotations

within 1.8 mm (the thickness of the inserted markers) and about 19 rotations before

the tool has traveled 11.7 mm (pin diameter + marker thickness) at a weld pitch of

0.6l mm/rev and a pin diameter of 9.9 mm. For example in Figure 5-7 (in the lower

part on the advancing side) 25 jagged peaks are visible. The distance between each

corresponds to the tool advance per one revolution (0.61mm). Hence, material was

deposited during 25 revolutions at this particular level (z=2mm).
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Figure 5-9 Side view of the 3-D plot (Figure 5-5) from the advancing side.

The side view from the advancing side on the 3-D plot of Figure 5-5, as shown

in Figure 5-9 for Weld 38, provides more detailed information about the material flow

in and against welding direction. The dashed lines (at x=13.8 mm and x=15.6 ram)

denote the original position of the marker inserts. Most material transport in welding

direction occurs at the top of the weld (on the advancing side only). Material dragged

along with the pin in welding direction at low levels (Figure 5-7) can almost not be

seen in Figure 5-9 (at level 8) but is more obvious in a weld shown in the next section.

The bulk of the material is transported against the welding direction. The maximum

deformation against the welding direction occurs just above the middle of the weld

height. The transport against the welding direction at the top is smaller than at middle

heights. Presumably high pressure on the trailing side of the tool shoulder prevents

material at the top from a larger backward flow. The minimum backward transport at
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thetop of the weldoccurswherethevertical circular materialtransportinteractswith

the retreating side material flow caused by the rotating shoulder. The two

perpendicularcircularmotionscausetheobservedflow pattern.

5.2 Weld Pitch Effects

In this section, the material flow patterns in the Welds 38, 74, 75, and 76 are

compared. The weld pitches listed in Table 4-6 for Welds 74, 75, and 76 indicate that

each of these welds is hotter than Weld 38 and that the hottest of these welds is Weld

76 followed by Weld 75 and then by Weld 74. The increased heat inputs in these

welds result in increased volumes of material involved in the material transport as well

in intensified vertical material transport.

Figure 5-10 Combined markers of Weld 75 (WP=0.355 mm/rev) at the top (a)

and the middle (b) of the weld.
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Figure5-10 showsthedeformedmarkersof Weld 75 at a heightof 4 mm (a)

and8 mm (b), respectively.Thedashedlines indicatethe pin and shoulderdiameter,

respectively.The materialflow in Weld 75 is different from that shownin Weld 38.

Weld 75 and 38 were weldedwith the sametool and the samewelding speedbut

differentrotationalvelocities.The flow patternat thetop surfaceis similar to theone

shownin Figure 5-10,exceptfor the kink in the forward transportedmarkeron the

advancingside(on theleft sideof Figure5-8a).Themarkerson theadvancingandthe

retreatingside,placedat themiddleheight,of theweld donot cover thewholewidth

of theweldedzoneasshownin Figure5-10b). Theimagesof themiddle markersdo

not revealthewholestory.Vertically transportedmaterialfrom other levels(material

which is pushedupwardsand downwards) fills the gaps.Therefore,all 6 markers

detectedat z=4 mm needto be includedin the analysis.Usingthe dataextractedfrom

thedigital images,all markers,presentatonelevel,canbeplottedatonce.Figure5-11

showsthat the markersarecontinuousafter weldingasshownfor Weld 38 in Figure

5-3with theexceptionthatall six markersaremixedin themid planeof Weld75.
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Figure 5-11 All the 6 markers were detected at the mid-plane (z=4mm) in Weld

75. The plot is created from the extracted pixel positions of the 6 markers at

z=4mm.
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Figure 5-12 Side view from the advancing side of the 3-D plot of Weld 75.

Figure 5-12 illustrates the forward and backward transport of material in Weld

75. The picture shows the view from the advancing side on the 3-D plot of Weld 75.



Material movement in welding direction to positions in front of its original occurs on

the advancing side (note that Figure 5-12 does not reveal the difference between

advancing and retreating side) in two regions namely in the upper part and in the lower

third of the weld. Material movement at the top of the weld is caused by the broad

shoulder and is already discussed in detail for Weld 38. Material movement in the

lower third of the weld is also already described for Weld 38 in Figure 5-7 and Figure

5-9. In Weld 75 (performed at the same welding speed but a higher RPM as Weld 38)

the shape of the 3-D plot has changed in the lower third of the weld (level 6, 7, 8 in

Figure 5-12 correspond to approximately 2 mm from the bottom surface). The material

transport against welding direction is minimal in this part. Markers from the bottom

and from the top of the advancing side are deposited in the horizontal plane at z = 2

mm in a similar serrated form as shown for Weld 38 in Figure 5-7. The marker insert

technique does not reveal the actual flow path of the material to its final position.

However, the flow pattern seen in the lower third of the weld is a result of the

extrusion in FSW accompanied by the complicated vertical flow.

Since the projection of the markers onto the vertical plane in the welding

direction offers the most valuable characterization of the welds, in this and the

following sections other views of the deformed markers will be shown only where

necessary. Figure 5-13 shows the differences in the mixing for Welds 74, 75, and 76.

The general pattern of material flow in each of Welds 74, 75, and 76 is consistent with

the flow pattern described in the previous section for Weld 38 (Figure 5-8). Material

within the pin diameter experiences a counterclockwise rotation around the
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longitudinal axis during the transport backwardsto its final position in the weld.

Outsidethepin diameter,materialis transportedtowardsthetop of theweldwith flow

in andoppositetheweldingdirectiononadvancingandretreatingsides,respectively.

i

Figure 5-13 Vertical mixing in Weld 74 (a), Weld 75 (b), and Weld 76 (c). The

mixing increases with decreasing weld pitch (increasing specific weld energy,

here: increased tool rotation). The dashed lines denote the pin diameter, which

was the same for the three welds.
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Theeffectof decreasingtheweld pitchon theverticalmixing within thewelds

canbeclearly observedby examiningthe final positionsof the lower retreatingside

markerfor Welds38, 74, 74, and 76 correspondingto weld pitch changesfrom 0.61

mm/revto 0.19 mm/rev (Figure 5-8 and Figure 5-10).As the weld pitch decreases

(andweld energyincreases)the portionsof the bottommarkeron the retreatingside

movehigherand higher in the weld. In Weld 74 (highestweld pitch) it canbe seen

that the retreatingsidebottom markeris beingpushedupward,however, it doesnot

reachto themid-plane(in z direction).In theweld with the lowestpitch, Weld76, the

markeris entrainedin the flow arm andpulledcompletelyacrossthe top of the weld

nugget.At the intermediateweld pitches,the markersaredisplacedupwardlessthan

in Weld 76 and more than in Weld 38. In simple terms, the amount of vertical

displacementof theretreatingsidebottommarkeris inverselyproportionalto theweld

pitch.

Although the reasonfor the increasedmixing which accompaniesdecreasing

weld pitch is not certain,thehigherenergyinput may resultin softeningof a greater

volume of material in the weld zone thereby facilitating material transport.

Alternatively, the increasedvertical transportat lower weld pitch may be due to the

auguringeffectof the threadsactingon a givenvolumeof materialfor a greatertime

(rotationis suchthatthethreadspushmaterialdown).
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5.3 Pin Diameter Effects

Welds 38, 45, and 46 were performed with the same tool rotation rates and

welding speeds (weld pitch = 0.61 mm/rev), but with different tools, all having the

same shoulder diameter of 25.4 mm. As shown in Table 4-3, Welds 38, 45, and 46

were made using pin diameters of 9.9, 12, and 7.8 mm respectively. In Figure 5-14a-c

the final marker positions are projected onto the y-z plane of the weld so that the

transport of the marker material may be observed. In Weld 46 performed with the

smallest pin (Figure 5-14a), the interface between the advancing and retreating side

markers is near the weld centerline in the lower two-thirds of the weld. Only near the

crown of the weld, where the influence of the shoulder is important, does a substantial

amount of material cross the centerline. In Weld 38, (Figure 5-14b) made using the 9.9

mm diameter pin, a larger amount of material crosses the centerline in the bottom third

of the weld due to the circulation about the longitudinal axis of the weld. Figure 5-14c

shows that in Weld 45, a substantial amount of material crosses the weld centerline

from advancing to retreating sides in the bottom two thirds of the weld. The increased

material transport across the weld centerline caused by the use of larger diameter pins

may result from an increase in weld energy at constant rotational and welding speed. It

seems likely that more work goes into a weld made with a large pin than with a small

pin: the nugget size increases as the pin size indicating that more material undergoes

severe plastic deformation when a large pin is used. Measurements by Reynolds and

Tang [69] have shown that the power delivered to the welds increased with increasing

pin diameter.
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Figure 5-14 Vertical mixing for different pin diameters in Weld 46 (a), Weld 38

(b), and Weld 45 (c). Increasing the pin diameter increases the vertical mixing.

Almost no vertical mixing occurred in Weld 46 (a), i.e. the interfaces between the

three layers are almost horizontal. In Weld 38 (b) and in Weld 45 (c), an

increasing amount of material was pushed downwards on the advancing side and

upwards on the retreating side.

56



5.4 Shoulder Diameter Effects

AA2195-T8 was also welded varying only the shoulder diameter. As listed in

Table 4-3, Welds 47, 38, and 48 were performed at the same rotational and

translational velocities (WP--0.61 mm/rev) as well as the same medium pin diameter

(9.9 mm) but with a 20.3 ram, 25.4 mm, and 30.5 mm shoulder diameter, respectively.

Figure 5-15 shows the vertical flow patterns of the three welds. Even though the welds

were performed at a high weld pitch of 0.61 mm/rev 1some distinct differences exist.

With increasing shoulder size more material at the top of the weld is transported from

the retreating to the advancing side. More material is pushed towards the root on the

advancing side causing more circulation around the longitudinal axis. The influence of

the increased shoulder diameter can be best seen at the deviation of the centerline from

the connection of advancing and retreating side markers. In Weld 47, performed with

the smallest shoulder diameter, advancing and retreating side markers are connected

closest to the centerline. Note, how especially in Weld 48 the marker on the bottom of

the retreating side is pushed upwards and stays clearly on the retreating side.

It is believed that the effect of decreasing weld pitch as shown in Section 5.2 is

even more dominant with larger shoulder diameters since the material transport close

to the tool shoulder is important for the vertical mixing in friction stir welding.

However, the marker insert technique was not used to visualize the material flow in

welds with varying shoulder diameters at different welding parameters.

As shown in the previous sections, the weld pitch of 0.61 mm/rev produced the least amount of

vertical mixing for the range of weld pitches that were investigated.
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Figure 5-15 Vertical mixing for different shoulder diameters in Weld 47 (a), Weld

38 (b), and Weld 48 (c). With increasing shoulder diameter a larger volume of

material is transported from the advancing to the retreating side. Therefore, the

vertical mixing is increased. From Weld 47 (a) over Weld 38 (b) to Weld 45 (c),

an increasing amount of material is pushed downwards on the advancing side

within the pin diameter and upwards the pin on the retreating side as well as on

the advancing side outside the pin diameter.
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5.5 Material Flow of Different Aluminum Alloys

Welds in 2024-T35l, 2219-T87, 5083-0, 6061-T6, 7050-T73, 7075-T7351

were performed at the welding parameters, which are listed in Table 4-7. The welds

are categorized as "cold", "nominal", and "hot" based on differences of the weld pitch.

Even though the weld pitch is not a unique welding parameter 2, the terms "cold",

"nominal", and "hot" shall be still used for this investigation to refer to the different

welding parameters (rotational and welding speed). The material flow patterns in the

AA2024 and AA2219 welds as well as in AA7050 and AA075 welds are fairly

similar. Thus, only AA2024, AA7050, AA5083, and AA606I are presented in this

section. Images of the AA2219 and AA7075 welds can be found in the Appendix A.

The main differences between the alloys with respect to FSW are the different

material properties. Bill Arbegast from Lockheed Martin Michoud Space Systems

provided flow stress data of the alloys AA2195, AA2219, AA606I, AA7050 at

elevated temperatures and varying strain rates.

The alloys of the 2XXX and 7XXX series are heat-treatable alloys with high

flow stresses. The flow stress of AA6061 is lower than the one of the alloys of the

2XXX and 7XXX series. The flow stress of the above alloys is highly temperature

dependent with a significant drop at elevated temperatures. The temperature

dependence of the flow stress of AA5083-O is different - AA5083 is not heat treated

in the O temper condition. The base material is in a minimum strength condition.

' The same weld pitch can be calculated from different sets of RPM and welding speed.
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Consequently,theflow stressdecreaseof AA5083-O at elevatedtemperaturesis not as

big as in theheattreatedalloys.Theothermaterialpropertyto consideris thethermal

conductivity; the differencesin the specific heat betweenthe aluminum alloys are

negligible.The thermalconductivityof AA2024, AA2219, andAA5083 is lower than

the one of AA7050 and AA7075. The thermal conductivity of AA6061-T6 is the

highestof the examinedalloys.In general,welding a materialwith a higher thermal

conductivitywill result in higher longitudinal tool forcesandtorque aswell asmore

heatgeneration.In suchweldsheat conductsmoreeasily from the heat source(the

deforming material) to the surroundings.Therefore, the rate of heatgenerationis

increased.

5.5.1 Material Flow in AA2024-T3

Figure 5-16 shows the vertical flow in A.A2024 at the three welding conditions

"cold", "nominal", and "hot" as listed in Table 4-7. The flow patterns are almost

identical as those of the AA2195 welds shown in Figure 5-13 for AA2195-TS. Note

that the welding parameters of the "nominal" and "hot" weld are the same as of Weld

75 and 76, respectively. The "cold" weld in AA2024 was performed at a higher

welding speed than Weld 38, which was the weld with the highest weld pitch (0.61

mm/rev) in AA2195. The "cold" AA2024 weld of Figure 5-16-A shows very little

mixing throughout the whole weld height. The connection of advancing and retreating

side is still close to the centerline after welding throughout the total height even at the

top of the weld close to the shoulder, where material is usually transported from the
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retreating side to the advancing side. The vertical mixing in the "nominal" and "hot"

welding conditions is qualitatively the same as shown for AA2195 in Weld 75 and 76,

respectively. Within the pin diameter, material is pushed downwards on the advancing

side and upwards on the retreating side. Outside the pin diameter, material is pushed

towards the crown of the weld on both sides. In addition, increasing the RPM (here,

from "nominal" to "hot") increases the mixing of material even further. It is worth

mentioning that some details may be lost due to the lower resolution 3 in the AA2024

welds.

3 The resolution (in vertical direction) of the marker insert technique in the AA2195 welds was twice as

high as in AA2024 because a new layer was cut every 0.5 mm instead of every 0.25 mm as in AA2195.
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Figure 5-16 Vertical flow in three AA2024 welds. The "cold" weld (A) was

performed at 232 RPM and 3.3 mm/s. The "nominal" (B) and "hot" (C) welds

were both welded with 397 RPM as well as with welding speeds of 2.35 mm/s and

1.28 mm/s, respectively.
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The three-dimensionalshapeof the deformedinsertsis qualitatively the same

for all threeweldsas shownin Figure 5-5 for AA2195. Figure 5-17 showsthe 3-D

plot of the "nominal" AA2024 weld projectedon the y-z-planelooking in welding

direction.Thecontourvariableis thex-coordinate,which is theweldingdirection.The

darkergray indicatesbackwardtransportedmaterial.A minimum backwardtransport

occursjust below theregionthat is affecteddirectlyby therotatingshoulder.Here,the

materialmovementdueto the shoulderrotationandtheextrusionof materialpastthe

pin coincide. Material, which is extruded around the pin experiences the

counterclockwiserotationaroundthelongitudinalaxison theway to its final position.

It wasseenin all thebeforementionedweldsthat in the regionof minimal backward

transport,the marker from the middle of the retreatingside is moved towardsthe

advancingsidewhile the markersfrom the bottom arepushingupwards.Maximum

backwardtransportoccursat middle heightsof the weld. The transportagainstthe

weldingdirectiondecreasestowardstherootof theweld.
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Advancing Side I "_ I Retreating Side

Figure 5-17 Projection of the 3-D plot of the "nominal" AA2024 weld on the y-z-

plane when looking in welding direction. Dark gray indicates backward

transported material.

Figure 5-18 Microstructure of the "nominal" AA2024 weld.

The microstructure of the "nominal" AA2024 weld can be seen in Figure 5-18.

The dynamically recrystallized zone (DRZ or nugget) contains very fine, equiaxed

grains. The "onion"-like pattern in the weld nugget is typical in FSW. However, no

explanation has been found for its occurrence. The weld nugget does not extend to the

top surface. The grains are larger in the region where material was transported with the

rotating shoulder• The thermo-mechanically affected zone (TMZ) surrounds the
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nugget.The lines,describedby thegrains in theTMZ, point towardsthecrown of the

weld exceptneartheroot.As shownin Figure5-16Bmarkersoutsidethepin diameter

arepushedtowardsthetop onadvancingandretreatingside.

The shape of the backward transported markers (Figure 5-17) agrees

remarkablywell with the shapeof weld nugget in Figure 5-18. The "nose" in the

lower part of the advancing side seen in the microstructure and in the deformed

markers is very typical in FSW and can be found more or less distinctly in all welds.

As already described in Section 5.1 and 5.2 material in the lower part of the advancing

side is often distributed over a wide range in the horizontal plane even to positions in

front of its original.

5.5.2 Material Flow in AA7050-T7

The aluminum alloy 7050-T7 was friction stir welded using the welding

parameters of Table 4-7. Figure 5-19 shows the projection of the deformed markers on

the y-z-plane when looking in welding direction. The vertical flow patterns are similar

to those of the corresponding welds in AA2195 and AA2024. Very little mixing

occurred in the "cold" AA7050 weld. Decreasing the weld pitch increases the vertical

material transport. In the "nominal" and "hot" weld, material is heavily deformed

within the pin diameter. Here, the marker from the middle of the advancing side is

pushed towards the retreating side by the material that is pushed downwards on the

advancing side. It should be mentioned that no markers were detected in parts of the
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lower third of the "nominal" and "hot" AA7050 welds.Here,material is "smeared"

horizontallyto positionsevenin front of its originalposition.

Outside the pin diameternot as much material is pushedupwards in the

"nominal" and "hot" weld shown in Figure 5-19 B and C, respectively,as in the

AA2024 and AA2195 welds. A look at the material propertiesmay clarify the

phenomena.The flow stressandthe thermalconductivityof AA7050 arehigherthan

the ones of AA2024. Assuming that the deformationof the AA7050 during the

extrusionaroundthe tool generatescomparativelyor moreheat than AA2024, one

would expectthe deformedzoneto be similar or larger than in the AA2024 welds.

However, the oppositeis the case.The generatedheat is conductedfaster than in

AA2024. As a consequence,materialadjacentto the zone of heaviestdeformation

(and most deformationalheating) is cooling quicker than in AA2024. Hence,the

material is not as vulnerableto deformation. In conclusion,the region of heavy

material deformation (similar to the one in the correspondingAA2024 welds) is

surroundedby material,whichexperienceslessdeformationthanAA2024.
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Figure 5-19 Vertical flow in the three AA7050 welds.

5.5.3 Material Flow in AA5083-O

The "cold" AA5083 weld was not analyzed using the marker insert technique.

Figure 5-20 shows the vertical flow for the "nominal" (A) and "hot" (B) welding

conditions listed partially in Table 4-7. The "hot" weld was performed at 637 RPM. 29
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layerswerecut in the AA5083"hot" weld. Therefore,the resolutionis higher than in

the "nominal" weld. The material flow in the AA5083 welds is different from the

previously shownalloys of the 2XXX and 7XXX series.The volume of deformed

material is larger.Material is deformedmore than 10mm off the centerlineon the

retreatingsidein bothwelds.TheFSWtypicalvertical flow patternexistsonly in parts

in the AA5083welds.In the"nominal" weld, almostnomaterialwaspushedtowards

thetop on the advancingside.Also in the "nominal" weld,the markersplacedat the

bottomof theweld truly mixedinto thebasematerial(notseenin Figure5-20). In the

"hot" weld, the transport towards the crown of the weld on the advancing and the

retreating side is similar as already shown for the other aluminum alloys.

However, the material of the marker from the top of the advancing side (TA)

marker is different. During the extrusion around the pin this marker is pushed towards

the root of the weld. A substantial amount of material is deposited very close to the

bottom. Not all of the TA marker can be seen in Figure 5-20 because it is hidden

behind other markers. In addition, TA marker material is part of the material that is

pushed towards the top outside the pin diameter. This phenomenon did not occur in

any other alloy at any (investigated) welding condition.
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Figure 5-20 Vertical flow in AA5083-O.

Figure 5-21 shows images of the seventh marker, which covered the total

height and width of the weld, at three different heights in the '_nominal" and _qaot'"

welding condition, respectively. The distribution of material in the longitudinal planes

can be best seen applying the marker insert technique to this marker; the 6 single

markers provide information about the vertical flow. In Figure 5-21, the welding

direction is from the top of the page to the bottom. The tool rotation was clockwise.

Material is spread out in welding direction at the middle of the "nominal" weld (B)

and at all shown levels of the "hot" weld (D, E, and F). It is worth mentioning that

weld defects in the form of voids occurred in both welds. The defects are clearly
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visible in themiddleof the"hot" weld asshownin Figure5-21E, whereasdefectsin

the"nominal" weldwereseenonly sparsely.
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Bott_'n Middle

Figure 5-21 AA5083 hot and nominal welds at the bottom, middle and top,

respectively. The images show the marker that covered the total height and width

of the welded zone. The welding direction points tYom the top to the bottom ol"the

page.

The clearly different flow behavior of friction stir welded AA5083-O may

have several reasons. As already mentioned AA5083-O is the only aluminum alloy

used in this research project that was not heat-treated. Therefore, the flow stress is less

temperature dependent than that of the other alloys.

Additionally, detects were seen for the 'nominal" and "'hot" welding

conditions. Failure locations of transversely loaded tensile specimen were in the

nugget in the "'hot" weld [51]. Specimen of the "'nominal" weld tailed in the heat-

affected zone and in the nugget. Additionally, the joint efficiency was lowest in the
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"hot" weld. The occurrence of weld defects suggests that "colder" welding conditions

are preferred than those used in AA5083-O.

5.5.4 Material Flow in AA6061-T6

AA6061-T6 was friction stir welded using the welding parameters of Table

4-7. The "hot" weld was performed at 832 RPM. Figure 5-22 shows the vertical flow

in the "cold" (A), "nominal" (B), and "hot" (C) weld. Note that no marker positions

(indicated by the white areas in the figures) could be extracted from the images in

upper parts of the "cold" and "hot" weld due to the insufficiently etched surface. The

missing data in the lower part of the "nominal" weld is a result of the high degree of

mixing of marker and base material.

The typical FSW flow pattern appears in all three welds. Material that is

extruded around the retreating side is pushed up on the retreating side before it is

pushed down within the pin diameter on the advancing side. Material from the

advancing side not participating in the "retreating side extrusion" passes the pin

(outside the pin diameter) on the advancing side. In general, material on the advancing

side outside the extrusion zone is moved upwards in welding direction. The vertical

flow in the "cold" and "nominal" AA6061 welds is similar to the vertical flow of the

corresponding welds in the 2XXX and 7XXX series. Only little vertical flow occurred

in the "cold" weld since almost no material from the top of the weld was pushed

downwards. The size of the deformed zone is much larger in the upper half of the

"cold" and "nominal" weld than in the corresponding welds of the 2XXX and 7XXX

series. The width of the deformed zone on the retreating side increases with increasing
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weld energy in all three welds. In addition, the deformed zone on the advancing side is

smaller in the "hot" weld than in the "nominal" weld.

Figure 5-22 Vertical flow in AA6061-T6.
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Figure 5-23 Width of the deformed weld zone in the three AA6061 welds. Note

that abscissa and ordinate are true to scale.

The size of the distorted zone was determined from the images of the markers

covering the total height of the weld. In every image, the distance in the transverse

direction from the centerline to the transition between deformed and undeformed

marker was measured on both advancing and retreating side. The distances in the

images (in pixel) were then converted to real distances using the spacial calibrations.

The same procedure was used to determine the maximum backward transport at each

layer in each weld.

The influence of the weld pitch on the size of the deformed zone can be seen in

Figure 5-23. On the retreating side, the width increases from the "cold" over the

"nominal" to the "hot" weld. The width of the deformed zone on the retreating side

increases almost linearly from the bottom to the top in all three welds. At top of the

weld the width equals almost one shoulder diameter, in all three welds. On the

advancing side, the width of the deformed zone also increases linearly from the
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bottom to the top of the weld in the "cold" and "nominal" weld, wherethe larger

volumeof material is deformedat the higherweld pitch. However, the shapeof the

deformedregionin the"hot" weld is differenton theadvancingside.Thewidth of the

deformedzone is as small as in the "cold" weld in the upperthird of the weld but

larger in the lower two-thirds. However, it never exceedsthe sizeof the deformed

zonein the"nominal" weld.

A look at the maximumtransportagainstthe welding direction illustratesthe

different shapeof the deformed zone in the "hot" weld. Figure 5-24 shows the

maximumbackwardtransportof the AA6061 "nominal" and"hot" weld. The "cold"

weld is not shownin this figure becausethe shapeis qualitatively the sameasfor the

"nominal" weld.Theshapeof thedeformedmarkerof thehot weld is qualitativelythe

sameasshownin Figure5-9andFigure5-12for AA2195. Hence,thedeformedzones

inboth, the"cold" andthe"nominal" AA6061weld deviatefrom thecommonshape.

Backward Transport in the 6061 Nominal and Hot Welds
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Figure 5-24 Comparison of the backward transport in the AA6061 "nominal"

and "hot" welds.
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Figure 5-25 Width of the distorted zone in the AA2024 welds from Section 5.5.1.

The deformed zone on the retreating side is similar to the AA6061 welds.

However, only the welded zone in the "hot" AA6061 weld has a similar shape as

the AA2024 welds.

The width of the deformed zone of AA2024 is shown in Figure 5-25 to clarify

the difference in the AA6061 welds. On the retreating side of the three AA2024 welds

(Table 4-7 and Section 5.5.1), the pattern of the deformed zone is the same as in the

AA6061 welds. The zone increases linearly from the bottom to the top of the weld.

Decreasing weld pitch increases the width of the zone on both sides of the centerline.

However, on the advancing side the increase of the width of the zone is different in the

upper third than in the lower two-thirds of the weld similar to the change in the "hot"

AA6061 weld. The "cold" AA2024 may be an exception because the width of the

deformed zone is not changing in the lower half of the weld. Note that the width of the

deformed zone in the AA2024 welds is representative for the welds of the 2XXX and

7XXX series.
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After having made these observations, two obvious questions arise: Why is the

shape of the deformed markers in AA6061 different than in welds of the 2XXX and

7XXX series? Moreover: Why is the shape in the "hot" weld different from that in the

"cold and nominal" weld?

A look at the material properties of AA6061-T6 may answer the questions. The

flow stress of AA6061 is lower than the flow stress of the 2XXX and 7XXX alloys.

Moreover, the thermal conductivity of AA6061 is the highest of all investigated

alloys. In an alloy with the lower resistance to plastic deformation less heat will be

generated during the deformation. On the other hand, more material may be vulnerable

to plastic deformation because of the lower flow stress. In an alloy with the higher

thermal conductivity heat is transferred faster from the heat source (the deforming

material) to the surroundings. The combination of both material properties makes the

AA6061 friction stir welds special. It may be that in the "hot" weld with the very low

weld pitch of 0.092 mm/rev "enough" heat is generated to overcome the high thermal

conductivity of the material. Both of these factors may reduce the gradients in

temperature and flow stress. Therefore, deformation may occur in a larger volume.

In the following, the influence of the marker inserts on the material flow will

be investigated. A well-defined interface between material originally on opposite sides

of the weld centerline is present in the "cold" AA6061 weld. It cannot be seen in the

welds that were performed at lower weld pitch. The different etching characteristics of

the thin oxide layer on the aluminum plates makes the interface of advancing and
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retreatingside materialvisible in the digital imagesof the marker insert technique.

Figure5-26 showstheimagestakenat thesevenmarkerlocationsnearthetop surface

of the "cold" AA6061 weld. The imagesareassembledin the samesequenceasthe

sevenmarkerswereplacedin theweld. In Figure 5-26theweldingdirectionwas from

thetop to thebottom of thepage.Theinterfaceof bothplatescanbe seenasa white

line at the centerof eachimageprogressingfrom one imageto the other.With the

presenceof theAA7075markersthewhite line slightly deviatesfrom theverticalline.

The influenceof themarkersoccursafter thetool haspassedthe markerensuringthe

reliability of themarkerinserttechnique.However,usingthemarkerinserttechnique,

smalluncertaintieshaveto beaccepted.It is worthmentioningthatthe interfaceof the

two plateschangesthroughouttheweld heightasseenin theprojectionof thevertical

on they-z-plane(Figure5-22A).

78



Figure 5-26 Images are taken close to the top of the "cold" AA6061 weld at the

seven original marker locations. The white line in the middle of each image is the

connection of the plates from advancing and retreating side.
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5.6 FSW Flow Visualization Summary and Conclusions

Friction stir butt welds were analyzed with respect to the material flow for

different welding parameters. The material transport was visualized using marker

inserts in the faying surface of the two plates to be welded. The marker insert

technique gives insight in the TMZ by the reconstruction of the piecewise cut-off

welded zone. As a result, full three-dimensional plots of the deformed markers provide

a good, qualitative characterization of the material flow in these friction stir welds.

However, this technique does not reconstruct the actual flow path of the material.

The tool rotation produces deformation heating in the workpiece leading to a

reduction in the flow stress of the base material, allowing the material in the weld zone

to flow. Increasing the heat input by the tool results in reduced flow stresses and

increases, as a side effect, the mobility of material in the weld. The material transport

in FSW is a result of the two tool motions - translation and rotation. The bulk of

material is moved around the pin to final positions behind its original position. The

marker insert technique does not reconstruct the actual flow of material past the tool.

Knowing only the shape of the deformed markers, the material flow seems possible

around either side or just around one side of the tool. However, it is well accepted that

all the material within the pin diameter (or the extrusion zone) is passing the tool on

the retreating side. During the extrusion material is first pushed upwards on the

retreating side and then pushed downwards on the advancing side. Material outside the
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extrusionzoneon theadvancingsideis generallypushedin weldingdirection towards

to top of the weld. The material transportdue to the broad shoulderhasa strong

influenceon the vertical mixing in the weld. The more material is movedfrom the

retreatingsideto theadvancingside,themorematerialis pusheddownwithin thepin

diameteron the advancingside, resultingin a secondary,vertical, counterclockwise,

circular motion aroundthe longitudinal axisof the weld. Outsidethe pin diameter,

material is pushedtowardsthe crown of the weld. The maximum materialtransport

againsttheweldingdirectionwasnot largerthanonepin diameter.

Theamountof materialinvolvedin theverticalmixing dependsstronglyon the

welding conditionssuchasthe rotationaland the translationalspeedof the tool. A

friction stir weld performedat low rotationaland mediumtranslationalspeedshows

almostnoverticalmixing at middleto low heightsin theweld. Therefore,theprocess

is nearly two-dimensionalin a sufficientdistancefrom the tool shoulder.The mixing

in FSWincreaseswith increasingweldenergy.

Thematerialflow patternsin aluminumalloys of the 2XXX and 7XXX series

are fairly similar. The existing differencesmay be explained with the different

materialpropertiessuchasflow stressandthermalconductivity.

The material transportin AA6061 clearly deviatesfrom the common flow

pattern.Thewidth of thedeformedzoneis muchlarger in the "cold" and "nominal"

weld than in the "hot" weld. The maximumbackwardtransportin thosetwo welds

occurscloseto thetop of theweld, which is usuallya regionof minimum backward
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transport.Additionally, the deformedzone increaseslinearly in transversedirection

with increasingweldheighton advancingandretreatingsidein thosetwo welds.The

shapeof the deformedzonein the "hot" AA6061 weld is qualitatively the sameasin

welds of the 2XXX and 7XXX series.The A.A6061 flow characteristicsmay be

explainedwith thehigh thermalconductivityof thematerial.

Thematerialflow in AA5083-O is mostdifferent from all theotheraluminum

alloys. It is believedthat the different temperaturedependenceof this alloy's flow

stresscausesthe widely spreadmaterial in the longitudinalplanes.Additionally, the

width of thedeformedzoneis fairly largein AA5083.

Influencesof the tool-to-workpiece-normalangle, the threadsize, and many

moreFSW relatedparameterson the flow field were not investigated.Furthermore,

theresolutionof the flow visualizationis limited by thesizeof themarkers.However,

themarkerinserttechniquewasthe first methodthatprovidedthree-dimensionalplots

of theweldedzonevisualizingadetailedflow pattern.
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6 Physics of the FSW Process Model

In this research, FSW was modeled using the Eulerian flow formulation. The

commercial software FLUENT was used to simulate the process. Assuming that the

elastic behavior of the aluminum alloy can be neglected due to the expected high

strains, the analogy between pure plastic deformation and fluid flow was used. The

material flow was simulated using fluid mechanics, hence, a viscosity function for the

alloy was formulated.

The development of the FSW process model was divided into three phases.

I. FSW as a two-dimensional process

II. Validation and Testing of the 2-D model

III. Expansion of the 2-D model to 3-D.

In Phase I of the process model development FSW was interpreted as a two-

dimensional process. A circular cylinder represents the tool, i.e. the pin, in the 2-D

simulation. The material flow was modeled as a two-dimensional, steady state,

laminar flow of an incompressible non-Newtonian fluid past a rotating, non-threaded

cylinder. Due to the steady state condition, no moving mesh model is required. The

goal of Phase I of the model development was the investigation of the influence of
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boundaryconditions, fluid properties,and different flow parametersas well as the

determinationof the best-suitedsolver algorithms.Even though FSW is a three-

dimensionalprocess,a2-D modelwasdevelopedbecauseit useslessCPUtimethana

3-DmodelandthePhaseI resultsareeasierto understandin 2-D.

As shownin Chapter5, the vertical mixing in FSW is minimal at so-called"cold"

weldingconditions.In thosewelds(performedwith a mediumtranslationalanda low

rotationalspeed),thetool shoulderaffectsonly theupperpartof theweld height.Once

theinfluenceof thetool shoulderis diminishedmaterialis transportedalmostonly in

the longitudinalplane.The2-D modelsimulatesthematerialflow atmiddleandlower

heightsof such"cold" welds.

Laminar fluid flow condition was assumedduring the flow past the rotating

cylinder.FromtheexpectedsmallReynoldsnumbers(Re= UDp/rl), whereU denotes

themaximumvelocity,D thepin diameter,9 the density and r1 the dynamic viscosity,

one can conclude that the flow is rather laminar than turbulent. Since the viscosity at

elevated temperatures and high strain rates is still very high (103 Pas and larger), very

small Re-numbers (approx. 10 .5) were expected close to the pin. The flow

visualization with the marker inserts, even though it shows only the final position in

the weld, supports the laminar flow condition. No signs of a random or chaotic flow

pattern were observed in the experiments.

In Phase I of the FSW process model steady state conditions were assumed.

The investigation of the transient plunging of the tool, the beginning of the forward
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motion of thetool andtheendof theweld werenot of interestin PhaseI. Considering

a rotating cylinder without forward motion but with material that is passingthe

cylinder, the processbecomessteady-state.For the fluid mechanicsbasedmodeling

approach,thesteadystateconditionsmeansthatnodeformingor moving meshmodels

arenecessary.Thediscretizedflow domaindoesnot changeduring the solutionof the

governingequations.

Thematerialflow pastacylinder is awell-studiedproblem.Theoccurrenceof

Karmanvortexstreetsat Reynoldsnumbershigher than35 in theflow pastacylinder

was first reportedby Karman [70] in 1921 and can be found in many textbooks

nowadays([71] - [73]). However,manyaspectsof the flow pasta circular cylinder

canbe studied.Badr andDennis[74] investigatedthe transientflow pasta suddenly

startedrotatingandtranslatingcylinder for two Reynoldsnumbers(200 and500) and

comparedthe numericallypredictedvorticeswith experimentalobservations.Dhahir

and Waiters [75] analyzedthe behaviorof non-Newtonianfluids in the flow pasta

freelyrotatingcylinderat smallReynoldsnumbers.Juarezet al. [76] modeleddirectly

the flow past a freely rotating cylinder using an explicit algorithm to simulatethe

cylinder-fluid interactionanda high-orderLagrangianFEM formulation to solvethe

Navier-Stokesequation.Theyfoundthatthedirectionof thecylinder rotationdepends

on theReynoldsnumberandthedistanceto the surroundingwall. The materialflow

past a cylinder becomesfairly complicatedat mediumReynoldsnumbers,even in

laminarflow conditions.Thefriction stir weldingrelatedpropertiesthat influencethe

Reynoldsnumberlike the fluid density,the viscosity,welding androtational velocity
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as well as the pin diametersuggestthat the Reynoldsnumber is well below 1. No

formationof Karmanvorticesis expectedand therefore,the simulationof FSW asa

flow pasta rotatingcylinderdoesnot leadto falseresultsasfar asvortexsheddingis

concerned.

In PhaseII of themodeldevelopment,the influenceof the differentboundary

conditionsis tested.Therefore,the welding parameterssuchasthe rotationalandthe

welding speedaswell asthe otherboundaryconditionsarevaried.Strictly speaking,

the2-D modelis only valid for "cold" weldingconditionsto simulateFSW.However,

the welding parametersare varied over a broad range in PhaseII. Some key

experimentsareusedto validatethepredictionbehaviorof the2-D model.

The2-D modelisexpandedto threedimensionsin PhaseIII. Differentpossible

tool geometriesarepresented.Dependingon thetool detailssuchastool-to-workpiece

angleandthreadson thepin, different solutionmethodsaresuggested.In its simplest

form, the non-tilted tool consistsof a flat shoulder and a non-threadedpin. The

significanceof the thermalboundaryconditionswill bediscussed,i.e. at the interface

of workpieceand backing plate. Data suchas torque and forces recordedduring

weldingareusedto validatethemodels.
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6.1 Material Properties

6.1.1 The Non-Newtonian Flow Properties

The application of a fluid mechanics based model requires a viscosity function

to simulate the material flow behavior of the aluminum alloy. The FSW process was

modeled using different material constitutive equations. First, a constant, high

Newtonian viscosity was assumed. Next, a temperature dependent viscosity, estimated

from the temperature dependence of Young's modulus, was implemented. None of the

simulations was able to capture a friction stir welding like flow pattem. It was,

therefore, obvious that only a temperature and deformation rate (strain rate) dependent

viscosity would sufficiently describe the "true" rheological properties of the alloy at

elevated temperatures and high rate of deformations.

If the elastic deformation of the alloy is neglected (especially true for large

deformations) the strain rates in terms of viscoplasticity from equation (l-l) are given

as (Zienkiewicz and Godbole [7] and Zienkiewicz et al [8]) using the indicial notation:

_:= Fi]kI cr_t (6-l)

where

F,jk_ = F(T, Ckt)

is a symmetric tensor, T the temperature, and Sk_are the strains. For a Von Mises type

of plastic or visco-plastic material the tensor, F can be obtained using Perzyna's
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viscoplasticitymodel (Zienkiewicz and Cormeau[9]) and,hence,equation(6-1) can

bewrittenas:

_ii (6-2)
1 with s_j=cY,_-8,jP and p =

with theviscosity_1

[_ r'-'_| I n

c; ,, + _ /Vq3 ) (6-3)

n- ,fi 

In equation (6-2) and (6-3), p is the pressure, c_ij and sij are the components of the

stress and the deviatoric stress tensor, respectively, _' and n are physical constants for

the viscoplastic model, and r_y is the uniaxial yield stress. The effective strain rate is

defined as

with the rate of deformation tensor _,j

(6-4)

calculated from the velocity gradients 0u i/0xj ,

where ui and xj denote velocity and coordinate vectors, respectively.

(6-5)

For ideal plastic flow, _' tends to infinity and equation (6-3) yields

_y
1]=----- _ .

3_

(6-6)

Replacing in equation (6-6) the uniaxial yield stress with the effective deviatoric flow

stress cr(T,_) one obtains a generalized form of the viscosity.

_(T,_) (6-7)
q-
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Note the temperatureandstrain rate dependencyof the effective deviatoric stress in

equation (6-7), which describes a temperature dependent non-Newtonian viscosity.

Furthermore, it is important to notice that the viscosity tends to infinity for small strain

rate values; therefore, a numerical cut-off value must be chosen in the numerical

computation.

Another form of the viscosity describing the plastic deformation of metals is

the Bingham plastic, which describes materials that do not flow if the shear stress is

below a certain yield value xf (Eirich [71] and White [73]). Bingham plastic models

are also used in the simulation of semi-solid thixo-forming processes of aluminum

alloys (Sigworth [78]). Jaluria [79] discussed the numerical simulation of the coupled

heat transfer and fluid flow in some material processing technologies and pointed out

the importance of the right choice of the viscosity model. Jaluria suggested the use of

a power-law model, which included temperature dependence for several materials.

The determination of an "exact" constitutive behavior of the aluminum alloy is

important for the accurate simulation of a process. High temperature and high strain

rate properties of numerous materials have been published in the past. Malas and

Seetharaman [80] proposed a dynamic material model for _,-Ti-A1 alloy and showed a

processing map on a strain rate temperature map. Mukai et al. [81] investigated the

strain rate sensitivity of fine-grained IN905XL aluminum alloys. They observed at

strain rates lower than 10 st negative strain rate sensitivity and at high strain rates

positive strain rate sensitivity. Oosterkamp et al. [82] measured the flow stress and
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strain rate sensitivity of the two aluminum alloys AA6082 and AA7108 at three

temperaturesoverastrainraterangefrom 0.1 to 3000s-1. The strain rate sensitivity of

both precipitation hardenable alloys was very low; at strain rates higher than 2000 s"t a

trend of even negative strain rate sensitivity was seen. Altan and Boulger [83]

summarized temperature and strain rate dependent flow stress data of numerous metals

including some aluminum alloys, steels, copper alloys, and titanium alloys.

Zener and Hollomon [84] reported in 1944 on the effect of strain rate on the

plastic flow of steel. They proposed equivalence "of the effects of changes in strain

rate and in temperature upon the stress-strain relation in metals". Zener and Hollomon

correlated stress data at different temperatures and strain rates using the now-called

Zener-Hollomon parameter Z, which represents the temperature compensated strain

rate.

(6-8)

In equation (6-8) _ is the effective strain rate, R is the universal Gas constant, Q is the

activation energy, and T the absolute temperature. Sellars and Tegart [85] and

Sheppard and Wright [86] subsequently modified the constitutive flow stress

relationship yielding.
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{I lII IZ(T,-_) "
cs(T, ) 1 in '/" '=__ + +1

C_ A

(6-9)

Equation (6-9) describes the effective deviatoric flow stress of aluminum alloys and

other metals as a function of temperature and strain rate using the constant fitting

parameters A, c_, and n. A more common form of equation (6-9) uses the hyperbolic

sine, sinh:

Z(T,_)=_ exPIR--Q-f3 = A[sinh(otcr)]" (6-10)

The constitutive relationships from equations (6-9) and (6-10) have been widely used

in hot working processes. Sheppard [87], Zhou and Clode [88], Clode and Sheppard

[89], and Sheppard and Jackson [90] applied a modified Zener-Hollomon equation to

the extrusion process. Sheppard and Jackson published the constants of the

constitutive law (6-9) for aluminum alloys from the IXXX to the 7XXX series.

Shimansky and McQueen [91] found good correlation between experimental

torsion data and the constitutive law for AA8009. McQueen and Lee [92] determined

the necessary constants for the high strength aluminum alloy 6060. Wang et al. [93]

applied the constitutive law to TiA1 alloys and concluded from the derived values of

the activation energy Q that the plastic deformation was atomic diffusion controlled.

Aukrust and LaZghab [94] reported experimentally and analytically on thin

shear boundary layers in the flow of AA6082 in a channel with parallel walls. They
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calculatedthe velocity profile from theequationof motion in flow direction andthe

viscositybasedon equations(6-7) and(6-9).An exponentialvelocity waspredictedat

highstrainratessuggestingtheexistenceof ashearboundarylayer,which agreedvery

well with changesin thegrain structureof the alloy. Aukrust andLaZghabconcluded

their paperwith a recommendationfor numericalmodelingof hot forming processes

usingvery finemeshesin regionsof expectedhigh strainratesin orderto capturethe

high velocitygradients.

It should be mentioned that a number of more sophisticatedmaterial

constitutivelawsareproposedincludingthe accumulatedstrainand internalvariables

accounting for microstructural changes (e.g. [95], [96] and [97]). Due to the

availability of the materialconstantsand its relative simplicity, the constitutivelaw

from equation(6-9) was usedin the presentresearch.Strainhardeningis neglected.

Combiningequations(6-7) and(6-9), oneobtainsthe final form of the viscosityused

to simulateFSW.

fill II/ 11 Z(_) K Z(T, e) (6-11)

3 In + +1

As mentioned above, a cut-off value for the viscosity had to be chosen to avoid

infinite values at low strain rates. The maximum viscosity was set at 10 lz Pas, which

was approximated from low strain rate and moderate temperature values. In the

present model, regions of low strain rates correspond to the undeformed material in
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FSW. Therefore,no mistakeis made,if a constanthigh viscosity is usedin regions

wherethematerialis not deforming.

Alloy a [MPal n Q [kJ/moll

6061 22.22 3.55 145.0

2024 62.5 4.27 148.88

In A ls-tl R IJ/moI-K1

18.3 8.314

19.6 8.314

Table 6-1 Material constants of AA6061 and AA2024 for the viscosity in equation

(6-11). The constants are published in [901.

The two different alloys shown in Table 6-1 have been used in the present

research. The constants of AA2024 and AA6061 were taken from Sheppard and

Jackson [90]. Figure 6-1 shows equation (6-9) over a broad temperature and strain rate

range using the values for AA6061 from Table 6-1.
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Viscosity of AA6061

Viscosity

[MPas]

3OO

25O

2OO

150

IO0

5O

0
300

Strain Rate [1/s] 10

Figure 6-1 The viscosity (equation (6-9)) of AA6061 of a function of temperature

and strain rate using the constants of Table 6-1.

As mentioned above, heat is generated due to viscous dissipation in the fluid.

The viscosity of the alloys drops dramatically several orders of magnitude once the

solidus temperature is reached and first particles become liquid. If the material is less

resistant to deformation, less deformation heat will be generated. Therefore, it is

obvious that heat generation in a real material is self-limited. The viscosity above the

solidus temperature T_ was defined in the following way. Within the first 50 °C above

T_. the viscosity drops 3 orders of magnitude maintaining the strain rate dependence.

Thereafter, the viscosity is strain rate dependent only. The viscosity of semi-solid

aluminum alloys is of the order of several Pas, which is approximately 3 orders of
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magnitudelower thanthe viscosityof hot workedaluminumalloys. The temperature

rangein which theviscositydrop occurswaschosenarbitrarily becauseno published

flow stressor viscositydatain thattemperatureregion is available.The viscositydrop

mightbeanareato adjustthematerialpropertiesin themodelto thosemorecloselyto

arealmaterialsuchasAA6061.

6.1.2 Thermal Conductivity and Specific Heat

Both, the thermal conductivity k and the specific heat Cp are temperature

dependent functions. Linear fits have been used to approximate the behavior over the

expected temperature range.

Alloy

6061

2024

2195

T_[°CI

582

k [W/m-K!

115.23 + 0.1594T

%[J/kg-K]

789.90 + 0.4959 T

502 87.243 + 0.1168 T 718.29 + 0.4754 T

560 0.27718 T 634.59 + 0.8562 T

Table 6-2 Solidus temperature, thermal conductivity, and specific heat of AA6061

and AA2024. Note that the absolute temperature is used in the linear equations.

Table 6-2 lists the thermal conductivity and specific heat of AA6061 and

AA2024 using the absolute temperature. The 2D model, which is described below,

was used to perform parametric studies with respect to the material properties.

Therefore, the offset of the linear function of k and Cp was varied holding the slopes
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constant.The exactnumbersare listed in Section7.4.6.A constantdensity of 2700

kg/m3is assumedin all cases.

6.2 Governing Equations

The basic equations solved by the computational fluid dynamics (CFD) code

FLUENT are the three laws of conservation for physical systems

• Conservation of mass (continuity)

• Conservation of momentum (Navier-Stokes equation)

• Conservation of energy (first law of thermodynamics)

Using the indicial notation, the conservation of mass in Eulerian terms can be

expressed its most general form as

0_._9_9+ 0 (9ui):O. (6-12)
O t c3xi

In equations (6-12), xi and ui denote coordinate and velocity vectors. If the density 9 is

constant as it is in incompressible flows, the continuity equation (6-12) reduces to

c3u _0. (6-13)

Oxs
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The conservation of momentum is derived from Newton's second law, which

expressesthebalanceof appliedforcesandtheresultingaccelerationof a particlewith

a finite mass. In the caseof steadystate fluid flow neglecting gravitationaland

externalbody forces,theconservationof momentumyield the following form of the

Navier-Stokes equations:

c3 (p uiuj ) =---OP +--0"_ (6-14)
Ox i Ox i Oxj

where p is the static pressure and "_j the stress tensor given by

x'J=rl(T'_)_,Oxj Ox,)

(6-15)

where q is the non-Newtonian viscosity of the incompressible fluid from equation (6-

ll).

The first law of thermodynamics states that the sum of work and heat added to

a system results in the increase of energy of the system. The energy of a flowing fluid

particle is a sum of internal and kinetic energy if potential energy changes can be

neglected. If heat transfer to a fluid element obeys Fourier's law of heat conduction

and the work done on the system is due to the shear stresses one obtains the following

form of the steady state energy equation:
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-- _-t-Uj q:ijc3T 0 k(T) c3xip cp(T) u i 3xi 0x i

(6-16)

The two terms on the right hand side of equation (6-16) represent the conductive

energy transfer and the viscous dissipation, respectively.

Equations (6-13), (6-14), and (6-16) form a non-linear set of fully coupled,

partial differential governing equations of the steady-state flow of a non-Newtonian,

incompressible fluid neglecting body forces and source terms. Note that the velocity

gradients occur simultaneously in all three governing equations as well as in the

viscosity function (6-11).

6.3 Heat Generation

It is well known from many metal forming processed that about 90% of the

mechanical work involved is transformed into heat. The material flow in Friction Stir

Welding can be interpreted as an interaction of extrusion of material past the rotating

pin and a forging shoulder. The material flow visualization has successful shown that

material is severely deformed in FSW.

If one assumes that frictional heating is the heat source one may estimate a

friction coefficient as shown in this paragraph.. Midling and Grong [38] estimated the

heat input in friction welding from the torque and angular velocity assuming a
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constantfriction coefficient.Using the apparentsimilarity betweenfriction welding

andFSW andassumingthat thepressuredistribution is uniform underthe FSWtool

shoulder(resultingfrom theverticaltool force)(neglectingfriction atthe pin) onecan

estimatethe heat generation.The heat input is calculatedas follows if frictional

heatingoccursonly atthetool shoulder:

_' 2 Fz (o(r: _r_)" (6-18)Q= _laPc0rdA= [i.t Fz_r27trdr = P.
_ As -3As

In equation(6-18) O is the net power, I.t is the friction coefficient, P the uniform

pressureunderthetool, cois theangularvelocity, r is theradius,Fzis theverticaltool

force, and A_ is the shoulderarea.The indices r and s indicatepin and shoulder,

respectively.Takingthewelding parametersasshownandthetool dimensionsof the

friction stir weldsasshownin Table4-3 andcomparingtheestimatedheat inputwith

theactualmeasuredpowerof thewelds(TableC-2), thefriction coefficientswouldbe

calculatedbetween 1 and 1.7. However, friction coefficientslarger than one are

physicallyimpossible.This simplecomparisonshowsthatfrictionalheatingat thetool

shoulderastheonly heatsourcein friction stir weldingmaybeinsufficient.

Hence,we assumethat it is necessaryto considerviscousdissipationin the

fluid as a heat source. It is assumedin the present model development that

deformationalheatingis the only heat sourcein FSW. Thelast term in equation(6-

16),which involvestheviscousstresses,is oftencalleddissipationfunction_, which

is alwayspositive.
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u i (6-19)

Combining (6-15) and (6-18) and using the velocity components u, v, w as well as the

coordinates x, y, z one obtains the following form of the dissipation function:

It can be seen from the above equation that viscous dissipation will be important

where the velocity gradients are high. In FSW velocity gradients exist in the vicinity

of the tool, with the highest values at the tool surface. Hence, the heat will be

generated very close to the tool where the material undergoes the severe deformation.

6.4 Further General Assumptions for the 2-D and 3-D Models

It is assumed that no slip occurs between workpiece and FSW tool. The

relative velocity between both is zero. Hence, the fluid at the tool surface rotates with

the same velocity as the tool itself. Therefore, no friction occurs between tool and

workpiece at the non-slip walls.

Adiabatic tools were used in all cases presented in the result chapter. Assuming

zero heat flux from the workpiece to the tool violates reality to a certain degree.

However, tool temperature measurements [100] have shown that the tool reaches its

steady state temperature much later than the workpiece. The temperature
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measurements show very slow heating rates in the tool. It is concluded that despite

other heat loses from the tool to the FSW machinery, only little heat flux occurs from

the workpiece to the FSW tool. Therefore, the assumption of an adiabatic tool is acting

as an upper temperature limit to the workpiece in the vicinity of the tool. As stated

above, heat is generated in the vicinity of the tool.
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7 The Two-Dimensional Process Model

Two goals are pursued modeling FSW as a two-dimensional process. The first

is to prove the suitability of the flow solver as the fight modeling tool and to find a

solution method for solving the non-linear, coupled governing equations (equations (6-

13), (6-14), and 6-16)). The second goal is to carry out parametric studies by changing

the boundary conditions and the material properties. In the following sections, the

flow domain, the boundary conditions, and the solution method is discussed before,

the 2-D modeling results are presented in Section 7.4.

7.1 The 2-D Flow Domain

The flow domain includes a rotating cylinder representing the pin of the FSW

tool. The cylinder is 10 mm in diameter in accordance with the FSW tool that was

used in most of the experiments. Fluid enters and leaves the flow domain through the

fluid inlet and outlet, respectively. The boundaries of the flow domain on the

advancing and the retreating side are defined as moving walls. The flow domain is

shown schematically in Figure 7-1. The fluid is flowing from the right to the left

passing the clockwise rotating pin. Two different sizes of the flow domain were used.

Domain I is 100 mm long and 50 mm wide. Domain II is 150 mm long and 100 mm
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wide. Both domainsaresmaller than the actualaluminumplates(200 mm wide and

610 mm longplates)that areusuallyfriction stir weldedatUSC.Therefore,the edges

of both flow domainson advancingand retreatingside, respectively,arenot at the

edgesof but within the actualbutt-weldedplates.It is worth mentioningthat a FSW

simulationusingDomainII maybemoreaccuratethanusingDomain I becausein the

lattertheadvancingandtheretreatingsidearerelativelycloseto thepin. However,the

2-D model with either domain is not thought to exactly match FSW relevant

processingdatasuchas forcesandweld energybecauseof their simplified geometry

assumption,i.e. no tool shoulder,threadedpin,or othertool details.

It was foundduring the modeldevelopmentthat ahigh meshdensitycloseto

the pin is necessaryto capturethe high velocity and strainrategradients.In general,

the flow domainwasdiscretizedusing an unstructuredmeshof triangular cells. A

meshboundaryat thepin containingvery smallrectangularelementsaccountsfor the

high gradientsin radialdirection.

"_----J Outlet

*--I

*----I

*--I
4 !

Advancing Side Inlet _

Retreating Side _
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Figure 7-1 Schematic drawing of the 2-D flow domain. Fluid is flowing from the

right (inlet) to the left (outlet) passing the clockwise rotating, circular pin.

Domain I consists of a rectangular zone with a cut-out hole (the pin). Cell

nodes are placed at equidistance of 0.2 mm on the perimeter of the pin. The first row

of rectangular cells in radial direction is 0.02 mm high. A total of 10 rows with

increasing cell height are used for the mesh boundary layer in Domain I. Nodes were

placed every 2.5 mm at the surrounding walls, inlet and outlet. The unstructured mesh

in Domain I contains of 22177 cells (20607 triangular and 1570 rectangular) and

12022 nodes as shown in Figure 7-2. The mesh density is (unnecessarily) high in most

of the flow domain. The flow Domain I was created only from one zone. Therefore,

the mesh density is controlled by the node distributions at the pin and the

surroundings.
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Figure 7-2 Mesh I. The magnified view at the pin shows the mesh boundary layer

consisting of very thin rectangular elements.

Domain II overcomes the shortcoming of Domain I. Domain II consists of 10

different zones defining a fairly coarse mesh in the far field (nodes every 5 mm) and a

very fine mesh in the vicinity of the pin. The spacing between the nodes at the pin is

0.1 mm and the height of the first row in radial direction is 0.01 mm.

105



K

K ..

Figure 7-3 The discretized flow domain II. Mesh II is fairly coarse in regions

where uniform, non-deforming material flow is expected. A high mesh density

exists in the vicinity of the pin.

Figure 7-3 shows the meshed Domain [I, which contains a total of 10088 cells

(2826 rectangular cells in the mesh boundary layer and 7262 triangular cells). A close

view of the vicinity of the pin, i.e. at the leading side, can be seen in Figure 7-4. The

depth of the mesh boundary layer at the pin in the flow domain is 0.32 ram.

The mesh of Domain II is finer in the vicinity of the pin but coarser in the far

field than the mesh of Domain I. It will be shown in the Section 7.4.1 that both meshes

provide converged solutions. The demonstration of the mesh convergence is necessary
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to guaranteemeshindependentsolutions.In thefollowing the meshesof DomainI and

II will bereferredasMeshI, andII, respectively.

1ram

Figure 7-4 Magnified view of Mesh II at the leading side of the pin. The mesh

boundary layer at the pin consists of rectangular cells, which are very small at

the pin surface and increase with increasing distance to the pin.

Mesh II offers two advantages over Mesh I. First, the flow domain is larger

making simulation with Mesh II a more realistic approach to simulate FSW. Second,

and more important, it contains fewer elements despite its larger dimensions. Hence,

simulations with Mesh II are more computational time efficient.
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7.2 Boundary Conditions

In general, kinematic and thermal boundary conditions are required for solving

the non-linear, coupled governing equations (6-12), 6-14), and (6-16). The welding

and the rotational speed were imposed as the kinematic boundary condition at the

boundaries on advancing and retreating side and at the pin, respectively.

7.2.1 Pin

The pin rotation is clockwise with a constant angular velocity. The angular

velocity, or the rotational speed is one of the primary welding parameters and used as

a variable in the 2-D model. A no-slip condition is assumed at the rotating wall.

Consequently, fluid particles stick to the pin, in other words, the relative velocity of

the fluid in contact with the pin surface is zero.

An adiabatic pin is used in the model. Neglecting the heat flux between

workpiece and pin assigns an upper bound temperature to the workpiece because in

actual welding the FSW tool acts as a heat sink pulling heat away from the hot,

deforming material. However, tool temperature measurements have shown that for

welding of aluminum with steel tools, the heat flux to the workpiece is much greater

than that to the tool [60 and 100].
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7.2.2 Other Boundary Conditions

Friction stir welded plates move relative to the tool with the welding speed.

Therefore, fluid enters and leaves the domain at uniform velocity, the welding speed.

The walls on advancing and retreating side also move at the welding speed. Therefore,

the velocity gradients at the edge of the flow domain are zero.

The wall temperature on advancing and retreating side is constant at 27 °C if

not stated differently elsewhere. Even though the temperature in friction stir welds is

usually much higher than room temperature 25 mm off the centerline, the temperature

at the boundary is not considered as a critical parameter in the 2-D model. However,

we have to be aware that this results in an unrealistically high temperature gradient

towards the domain boundary because the temperature drop in the transverse direction

is larger than in FSW.

Moreover, the 2-D model ignores the shoulder of the FSW tool. The main

focus was to create a somewhat realistic temperature distribution in the vicinity of the

pin, which does not have to match exactly a real one in order to perform parametric

studies.

7.3 Solution Method

In FLUENT 5.5 a segregated solution algorithm with an implicit linearization

of the governing equations was applied to the discrete control volumes in the
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computationalgrid. A second-orderdiscretizationschemefor the pressureand a

second-orderupwind schemefor the momentumequationswere usedthroughoutthe

solution.TheSIMPLE algorithmwasusedfor thepressure-velocitycoupling.Further

informationcan be found in the FLUENT manuals[77]. The high viscosityof the

aluminumalloyrequiresacertainsolutionmethodto guaranteetheconvergenceof the

solved flow field. The divergenceof the solutionwas avoidedusing the following

steps.

1. First,a flow field wasestablishedbasedona constantpin temperature,which

was estimatedfrom the finally expected,maximum fluid temperature.In

general,with agoodguessof theconstantpin temperature,lessiterationswere

used for the completesolution. If no estimatedmaximum temperaturewas

available,the pin temperaturewas chosenas of 840 K, which is closebut

below the solidus temperature(855 K). During this step, the viscous

dissipationwasdisabledin the energyequation.Dependingon the boundary

conditions,4000to 5000 iterationswerenecessaryto decreasethe valuesof

the velocities and velocity gradientsto stable and reasonablelevels. The

velocity maximum was used as a criterion of the end of step one. The

maximum velocity occurs at the edge of the retreating side; it should not

exceed the product of angular velocity and pin radius.

2. Once the solution yielded a sufficiently accurate approximation of the flow

field, the viscous dissipation was included in the energy equation. About 500
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to 1000 iterations were necessary to stabilize the solution before further

changes were made.

As a last step, the heat flux at the pin was set to zero. The convergence of the

solution was judged from the convergence of the drag coefficient at the pin

since the convergence of the pressure distribution was slowest. Depending on

the welding parameters 15000 up to 40000 iterations were necessary for an

accurate, converged solution.

7.4 Results and Discussion of the 2-D Model

In this section the results of the 2-D models are presented and discussed. First,

the proof of mesh convergence of the two computational domains is shown.

Thereafter, the flow field in the vicinity of the pin is discussed for AA606I for

different welding parameters and compared the experimentally observed flow pattern

(Section 7.4.2). The modeling results such as power and forces are then compared to

measurements in Section 7.4.3. The 2-D model was also used to conduct parametric

studies. Therefore, the welding parameters were varied over a wide range in Section

7.4.4. Additionally, different materials (AA2024 and artificial materials) were tested

with the 2-D model (Sections 7.4.5 and 7.4.6)

Simulation results include the velocity, velocity gradients, the pressure and the

temperature distribution in the flow domain. In the following, the velocity field is

analyzed with respect to the streamlines. Parametric studies of the welding and the

rotational speed as well as of the thermal diffusivity were performed. The different

111



weld energies,the forcesandtorquesat the tool areshownas functionsof theweld

pitch (WP). All quantitiesof thetwo-dimensionalmodelarerecalculatedfor 8.1 mm

thick platesfor comparisonwith correspondingexperiments.

7.4.1 Mesh Convergence

The mesh convergences are demonstrated for one set of welding parameters,

respectively. In the following, the rotational velocity of the pin is 232 RPM and the

welding speed (defined at inlet and outlet as well as the moving walls on advancing

and retreating side) is 2.35 mm/s. A mesh is considered being converged if the

solution yields practically the same results as the solution with a refined mesh. The

refined mesh is defined by dividing every cell of the original mesh into four new cells.

7.4.1.1 Meshl

The refined mesh of Domain I contains 88708 cells and 47791 nodes. The

convergence of the mesh is judged with the force in welding direction (x-force), the

torque at the pin, and the power generated during the deformation. The x-force is the

sum of the viscous force (shear force) and the pressure force. The torque results from

the integration of the wall shear stress along the pin perimeter. The weld power is

calculated from the energy balance on the system boundaries.
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Quantity MeshI
22177cells

RefinedMeshI
88708cells

Absolute
Chan_e

+0.11%ForceMagnitude[N/m] 1352218 1353714

Torque[Nm/m] 9563.9 9575.6 +0.12%

Power[W/m] 229886 231769 +0.82%

Table 7-1 Demonstration of the convergence of Mesh I. Note that the quantities

are presented per unit length (1 m plate thickness).

As shown in Table 7-1, the differences between the model responses of Mesh I

and its refined version are very small. The refinement of Mesh I does not result in a

significant change of force, torque and power. Therefore, it is assumed that the cell

density in Mesh I is sufficiently high to yield a converged solution. Note that the force

in welding direction is negative indicating that the fluid pushes the pin in flow

direction. Flow and welding direction are of opposite sign.

7.4.1.2 Mesh II

The refined Mesh II contains 40352 elements and 26246 nodes. The

components of the force vector acting on the pin, the torque and the power are listed in

Table 7-2. The differences between Mesh II and its refined mesh are very small

indicating the mesh convergence.
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Quantity MeshII
10088cells

RefinedMesh II
40352cells

ForceMagnitude[N/m] -1035549 -1059563

Torque [Nm/m] 8637.36 8632.02 -0.62 %

Power [W/m] 208214.4 208214.7 +0.00 %

Table 7-2 Prove of the convergence of Mesh If.

Absolute

Change

-2.27 %

Note that the torque, power, and the forces calculated with Mesh II are about

10 to 20% smaller than with Mesh I. Since both meshes yield accurate solutions, the

differences are due to the different sizes of flow domain. The identical boundary

conditions were used in both cases. The temperatures in transverse direction at the

center of the pin are higher in the larger flow domain (not shown in a figure). Hence,

lower tool forces may be expected if the viscosity in the vicinity of the pin is lower. It

is already seen here how the boundary conditions on the advancing and the retreating

side influence the model predictions. However, the following section will focus of on

variations of the welding parameters such as rotational and welding speed as well as

different materials, since the 2-D model is (only) a simplification of the FSW process.

It is believed that in FSW the conduction heat transfer to the backing plate at the

bottom of the welded aluminum plates is far more significant than the convection heat

losses to the ambient air [60]. The 2-D model, however, does not account for any

changes in the vertical direction.
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Additionally, DomainII wasdiscretizedusinga coarsenodedistributionat the

pin. Nodes were placed every 0.3 mm on the pin perimeter. The first row of

rectangularelementsin themeshboundarylayerwas0.03mm thick. Themesh,which

is calledMeshIII, containedatotal of 309l triangularandrectangularelements.The

reasonfor a fairly coarsemeshwas to test the meshconvergence,especiallywith

regardto thediscretizationof athree-dimensionalflow domain.Thetorqueandpower

werecalculatedas99 % and the force magnitude as 97 % of the values of Mesh II.

7.4.2 The Velocity Distribution and the Flow Field in the 2-D Model

All models in this section were carried out in the larger flow domain using

Mesh II. In two-dimensional, steady state fluid flow, the concept of the stream

function is most suitable to analyze the velocity distribution [73]. The stream function

qJ is defined as:

caw caW
-pu and --=-pv

ay cax

(7-1)

Streamlines are lines of constant stream function. They represent at every

instant a picture of the velocity distribution. In steady state fluid flow, streamlines and

pathlines are identical.

Fluid flowing at the welding speed is material not within the domain of

influence of the welding tool. Fluid at the constant and uniform welding speed does

not experience any deformation. The region of uniform velocity extends over the
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whole flow domainexcept for a small region around the rotating pin. Due to the

relatively high rotationalspeedof the pin and the high viscosity of the fluid, only a

region closeto the pin is affectedby the tool rotation.The fluid is flowing at the

constantanduniform welding velocity upstreamanddownstreamof thepin. Outside

the regionaffectedby thepin, the material flow is that of a rigid body motion where

nodeformationoccursandnopower is dissipated.

Flow Direction

Dire 

Figure 7-5 Streamlines in the vicinity of the pin. The flow direction is from the

right to the left of the image and the pin rotation is clockwise. Material within the

pin diameter passes the pin only on the retreating side and ends up at the same

relative position to the centerline as it was before.
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Figure 7-5 shows streamlines of AA6061 in the 2-D flow domain close to the

pin for WS=3.3 mm/s and 232 RPM, which is a relatively high advance per revolution

(weld pitch 0.853 mm/rev). In Figure 7-5, the material flow is from the right to the left

past the clockwise rotating pin. The streamlines in the flow domain indicate that

material, originally within the pin diameter, is transported only in the rotation

direction around the pin. No material within the pin diameter is passing the pin on the

advancing side whereas all the material is transported around the retreating side. The

width of the deformed region is smaller on the advancing side than on the retreating

side. Since all of the material inside the pin diameter must pass the pin on the

retreating side, the region of deformed material is wider on the retreating than

advancing side.

Furthermore, streamlines downstream end up at the same distance from, and at

the same side of the centerline, as they were upstream. Since the flow is laminar,

particularly creeping, the streamlines do not cross. Knowing only the final position of

the marker material in a friction stir weld as shown in 5, the flow around both sides of

the pin is conceivable as well. However, it will be shown that only the material flow

around one side, i.e. the retreating side, explains the flow patterns observed in flow

visualization experiments by Seidel and Reynolds [49]. In general, streamline plots are

fairly similar for different materials (so far AA2024 and AA6061 have been tested) to

those in Figure 7-5 over a certain range of rotational and translational velocity. The

range of welding speed and RPM producing flow pattern as shown in Figure 7-5

depends on the material properties. It will be shown that material flow around both
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sidesof the pin is possibleat extremeratios of the rotational to the translational

velocity.

The model also predictsthe presenceof a "plug" of material representedby

circular, closedstreamlines,extendingapproximately0.1 mm into the flow field as

seenin Figure7-5.Material rotateswith thepin in the thin layer asa result of theno-

slip conditionat theboundary.It will be shownin Section7.4.4.4that thethicknessof

the "plug" dependson theweldingparameters.The publicationby London et al. [55]

and Nunes[63] indicate that the plug is a featureof FSW. Figure 7-6, courtesyof

Nunes[63], showsan enlargedview of the leadingsideof the pin. Closeto the pin,

fine-grainedmaterialis seencloseto thepin.Theblack line seenin Figure7-6denotes

the fayingsurfaceof theto AA2219plates.
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Figure 7-6 Enlarged view of a section of a Friction Stir Weld looking down from

the crown on the leading side of the pin where metal is wiped onto the tool. A

FSW weld in 0.317 inch thick 2219-T87 aluminum plate made at 220 RPM and

3.5 inches per minute travel speed was emergency-stopped, the tool unscrewed

from the plate, and approximately 0.150 inches of metal removed from the crown

side of the plate before polish and etch. The epoxy-mounting medium filling in

the region formerly occupied by the FSW pin-tool exhibits bubbles (Nunes [63l).

As described in Section 5.5.4, the material flow in an A.A6061 weld with a

weld pitch, WP, equal to 0.853 mm/rev was using the marker insert technique. To

compare the predicted flow pattern with the results of the marker insert technique, the

"final" position of particles relative to each other needs to be determined in the 2-D

model. If the mass-less particles are released on a vertical line in transverse direction,
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they end up displacedrelative to each other after passing the pin. The relative

positionsof suchparticlesdenotethe "final" positionsandcanbedeterminedon the

streamlines(pathlines)of theseparticles.

O
t...

it

a
O1

Rotation Direction

Figure 7-7 Comparison between the predicted final position and the marker

inserts at the middle of the "cold" AA6061-T6 weld shown in Section 5.5.4.

Figure 7-7 shows the experimentally observed flow pattern of the "cold"

AA6061 weld and the predicted final position in the flow field. The welding

parameters (232 RPM and WS=3.3 mm/s) were used as input for the model. The

markers from advancing (blue) and retreating side (red) at the mid-plane of the weld

are shown before and after welding. The predicted final position of the particles

relative to each other (black squares) and the marker position show excellent

agreement. Note that in the model, particles, which are released at the centerline, end
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up at the centerlineafter passingthe pin. In the actual weld, the connectionof

advancingsideandretreatingside(centerlineprior to welding)is shiftedslightly to the

retreatingside asa result of the circulationaboutthe longitudinalaxisof theweld as

shownin Chapter5.

,i

Figure 7-8 Streamlines show flow around retreating and advancing side. The

simulation was performed at a weld pitch of WP=0.067 mm/s (1164 RPM and

WS=1.28 mm/s).

In a series of models that were run at various RPM and welding speed it was

found that material within the pin diameter could pass the pin on retreating and

advancing side at very low and at very high WP. The material flow is symmetric about

the centerline if the tool is not rotating. When the RPM is increased, more material

within the pin diameter starts flowing around the retreating side (in the rotation

direction of the tool). After exceeding a certain rotational speed, all material within the

pin diameter is flowing around the retreating side only. It is believed that in "good"
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friction stir weldsall materialwithin thepin diameterpassesthetool on theretreating

side.The range of RPM and welding speed producing "good" welds depends merely

on the material properties (i.e. the flow stress) if other process relevant parameters

such as plate thickness and tool geometry are constant. If the RPM is increased even

further, a second transition occurs where the material within the pin diameter starts to

flow around the advancing side again. The effects of the different material flow

patterns on the tool forces is discussed in Section 7.4.4.4. Figure 7-8 shows the

streamlines for simulation carried out at a weld pitch of 0.067 mm/s using 1164 RPM

and 1.28 mrn/s welding speed. Here, material is flowing around both sides of the pin

resulting in an increased volume of fluid affected by the pin.

In Figure 7-9 the positions of particles relative to each other are shown for two

different rotational velocities (232 and 1164 RPM) at constant WS=1.28 mm/s. The

final positions at 1164 RPM clearly deviate from the ones at lower RPM. If material

originally within the pin diameter is passing the pin on advancing and retreating side,

the experimentally determined flow pattem does not match anymore. It is worth

mentioning that in a friction stir weld performed with 1164 RPM and WS=1.28 mm/s

the deformed material would circulate around the longitudinal axis. The flow would be

3-D at all levels in the weld. Therefore, a comparison of the flow pattern of the

markers and the two-dimensional model is not very meaningful.
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6061: Final Position at WS=1.28 mm/s
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Figure 7-9 Predicted final position in AA6061 at 232 and 1146 RPM using the

same welding speed (1.28 mm/s).

Strictly speaking, the 2-D model is valid only for middle and lower section of

welds showing little or no vertical mixing. However, the experimental flow

visualization has shown that decreasing the WP increases the vertical mixing in a weld

dramatically. Even though flow in an additional third dimension exists in FSW and the

flow past the pin deviates from the 2-D plane of the model, it is believed that the

general material flow mechanisms (extrusion only around the retreating side) is the

same as proposed in the 2-D model.

Furthermore, it is believed that material flow around the advancing side is

related to weld defects in friction stir welds. Figure 7-10 shows two welds in AA2195

with weld defects. Even though the reasons of the defects were of different nature, the
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mechanism of the defect was the same. The transport of material from the advancing

around the retreating side was inadequate in these welds causing large gaps between

the two plates. It is worth mentioning that the defects seen here are extreme cases of

insufficient material transport around the retreating side. It will be seen later in Figure

7-18 that some typical defects may originate in the lower part on the advancing side.

In the friction stir welding defects, which are related to inadequate material transport

around the retreating side, voids are left behind in the weld. In general, the "surplus"

material then pushes other material towards the crown of the weld where it might

appear as extra flash.

Figure 7-10 Image (A) shows an extreme case of a weld defect with a large gap

between advancing and retreating side. This weld in AA2195 was performed at

832 RPM and 3.3 mm/s. The weld defect seen in (B) shows insufficiently

transported AA2195 around the retreating side due to low clamping forces. The

welding parameters were 390 RPM and 3.3 mm/s.
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Figure 7-11 showsan exaggeratedschematicdrawing of a FSW defect as

discussedabove.If comparedto the streamlinesof the 2-D model asseenin Figure

7-8 thedifferencebetweenthemodel and theFSW reality becomesobvious.Due to

the fluid natureof the model, the fluid flowing aroundthe advancingside always

closestheapparentgapon thetrailing sideof thepin asseenin Figure7-8. However,

it is believedthat materialflow aroundthe advancingsideis causingtheFSWdefects

occurringobservedin actualfriction stir welds.

To summarize,theoccurrenceof a weld defectmightnot bepredictedat the

correct welding parametersduring a simulation, but the mechanismof the defect

formationarelikely thesamein themodelandin FSW,i.e. flow aroundtheadvancing

side. It is worth mentioningthat it is not known to whatextent (if at all) a possible

weld defectis relatedto the materialtransportin welding direction in lower partsof

the advancingside within the extrusionzoneas seenin Figure 5-7, Figure 5-9, and

Figure5-12.

Figure 7-11 Sehematiedrawing of a possible weld defeet due to insufficient flow

around the retreating side of the clockwise rotating pin.
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7.4.3 2-D Model Validation and Comparison with Experiments

As already shown in the previous section, the material flow predicted by the 2-

D model matches the visualized flow pattern from the marker insert technique. For a

better understanding of the quality of the model predictions more comparisons with

experimental data are necessary. Friction stir welding with the FSW-PDS provides

data such as the torque and the forces at the tool. In the model, the forces and torque at

the pin are calculated from the pressure distribution and the wall shear stress at the

pin. Additionally, the energy balance around the system flow domain provides the

amount o f generated power.

Furthermore, temperature measurements in a friction stir weld are available

from Khandkar and Xu [98]. The comparison with the predicted temperature

distribution offers an excellent opportunity to judge the correct calculation of the

temperature dependent material properties.

7.4.3.1 Weld Energy and Forces

The model outputs are compared with the corresponding values measured on

the FSW Process Development System at the University of South Carolina. Due to the

2-D nature and the other simplifying assumptions described above, the model cannot

be validated with measurements of a real friction stir weld. However, the model

should correctly predict trends that are captured in key experiments.
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Loadcontrolled friction stir weldswere performedon the FSW-PDSat USC

with 8.1 mm thick AA606I-T6 platesusing a tool with a 10mm pin and 25.4mm

shoulderdiameter,respectively,asdescribedin Section4.1.2. The tool to workpiece

anglewas2.5 degree.The welding parametersare listed in Table 4-3. Among other

quantities, the longitudinal force (x-force), the torque, and the spindle speed were

measured on the FSW-PDS. The specific weld energy or energy per unit weld length

(PUWL) is a measure of the energy put into a weld and is calculated as the ratio of

power to welding speed. Experimentally, the energy PUWL was determined from the

torque, the spindle speed, the welding speed, and the motor efficiency.

RPM Welding Speed Weld Pitch Vertical Force [ibf] Welding Date

[mm/s] [mm/rev] (FSW only') (FSW only)

1.279 0.331 5000 3/23/2001

232 2.36 0.608 6000 3/23/2001

3.3 0.853 6300 10/26/2001

1.279 0.197 4800 10/26/2001

390 2.35 0.362 5000 5/2 l/2001

3.3 0.508 6500 3/23/2001

Table 7-3 Welding Speed (WS) and rotational speed (RP.M) of friction stir welds

and models. The 2-D models were calculated using Mesh II, which is the larger

flow domain.

2-D models performed with Mesh II (the larger flow domain) were calculated

at the rotational velocity and the welding speeds as listed in Table 7-3. Note that the
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welding parametersof the modelsarealmost the sameas for the friction stir welds

exceptfor thelowerrotationalspeedof 232RPM instead240RPM.
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Figure 7-12 Comparison of the energy PUWL between FSW and the 2-D model

using Mesh II. The decreasing energy PUWL with increasing welding speed at

constant RPM is predicted correctly by the model. Note that the measured values

include error margins of approximately 10%.

Figure 7-12 shows a comparison of the energy PUWL between FSW and the 2-

D model using the welding parameters of Table 7-3. Generally, the measured energy is

higher than the computed counterpart. Based on the differences between the 2-D

model and 3-D reality, notably in the presence of the tool shoulder and the threaded

pin in 3-D, the difference of weld energy is expected. The calculated energies PUWL

at 232 RPM are approximately 40 % lower than the measured at 240 RPM. As seen in
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Figure7-12,themeasuredenergyPUWL at WS=1.28mm/sis lower at 390RPMthan

at 240 RPM. At 390 RPM theenergyPUWL is between17% and32 % lower than

measured.The2-D modelpredictsthetrendsseenat thedifferentweldingparameters

correctly. Increasingthe welding speedat constantRPM (increasingweld pitch)

decreasesthe energyPUWL in both,model andexperiment.The energyPUWL also

decreasesin modelandexperimentwhenthe rotationalspeedis decreasedat constant

weldingspeedwith theexceptionat the low welding speed(1.28mm/s).Note thatthe

measureddata(forcesandtorque)wasacquiredat different times(seeTable7-3).The

early welds(oldl andold 2) wereperformedwith notoptimizedverticalforces.In the

most recentwelds(new) thez-forcewasvariedto obtainoptimal forgingpressureat

thetop.The optimizationwasdoneby visually characterizingthefootprint of thetool

on theweld surfaceandadjustingthe z-forceaccordingly.Notethatthetorqueandthe

x-forcesareinfluencedby avaryingz-force.

Furthermore,the measuredvalues contain error margins of approximately

10%.Theseare mainly due to the inconsistencyof thehydraulic oil pressureat the

spindle motor of the FSW-PDS.For example,the torque measuredwith the tool

unloadedwasapproximately10%differenton thedifferentdayswhenthefriction stir

weldswereperformed.To excludethe possibleerror sourceof inconsistenciesof the

measurementstheaverageof severalweldsshouldbe taken.However, in thepresent

dataonly oneweld wasperformedperweldingcondition.

It is believedthat the anomalyat WS=1.28mm/s (in the weld performedat

240 RPM the energyPUWL is lower than in the weld at 390 RPM) is causedby

measurementuncertaintiesandthechoiceof theverticaltool force.
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The forceson thetool againstthe flow directionareplottedin Figure7-13 for

the friction stir weldsandthe2-D modelsusingtheparametersof Table4-3 andTable

7-3, respectively.In general,the model and the experimentsshow the sametrends.

Thepredictedforcesareat maximumtwo timeshigher than in theFS welds.Again,

the shouldereffectsthe missingthreadsin the 2-D model are likely responsiblefor

thesedifferences.As mentionedabovethe measureddatamaycontainerrormargins,

which arenot exactly known becauseonly one weld was performedper welding

condition.Regardless,the 2-D model appearsto correctly characterizethe effect of

weldingparameterson theforcesandenergies.
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Figure 7-13 Comparison of the force in flow direction on the pin.
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7.4.3.2 Comparison of Temperature Profiles

Khandkar and Xu [98] measured temperature profiles in a friction stir weld

performed at 390 RPM and WS=2.36 mm/s in 8.1 mm thick AA6061-T6. They used

36 gauge K-Type thermocouples at various locations perpendicular to the welding

direction at three different heights. Knowing the welding speed and the original

locations of the TC's relative to the position of the tool, temperature time data was

converted to the temperature-distance curves. The temperature distribution predicted

with the 2-D model can be compared to the measured data. The data presented here,

was acquired at the middle of 8.128 mm thick AA6061 plates.
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Figure 7-14 Comparison of the temperature profiles on lines in welding direction

at different location perpendicular to the centerline. The welding parameters in

AA6061 were 390 RPM and WS=2.25 mm/s. The measured data is taken from

1981.
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Figure 7-14 shows FSW and model temperatureprofiles at threedifferent

locationson the retreatingside (negativey). The temperatureis plotted againstthe

distanceto the centerof the tool. The distanceis positive in front of the tool and

negativebehindthe tool. It canbe seenthat the model predictshigher temperatures

thanmeasuredat the centerline.Rememberthat no heat flux is assumedat the pin.

Hence,highertemperaturesin thevicinity of the pin wereexpected.It is importantto

mention that the thermocoupleat the centerline was obviously removedfrom its

original positionby the tool duringwelding. Therefore,a comparisonwith themodel

at thecenterlineis only meaningfulat the ascendingtemperaturesin front of thetool,

i.e. ata positivedistanceto thetool.

At 8 mm off the centerlineon the retreatingside, themeasuredandpredicted

temperaturesmatchalmostperfectly.If thedistanceto thecenterlineincreases(e.g.at

y = -13 mm) the modelunderestimatesthe real temperatures.The primary reasonis

the thermalboundaryconditionon the advancingandthe retreatingside.A constant

temperatureof 27 °C wasassumedat the edgesof the flow domain.However, the

measuredtemperatureis higherthan27°C andnotuniform at theedgesat MeshII (+

50mm off thecenterline).

The assumptionof a constantand relatively low temperatureon the edgesof

the flow domain leads to an unnatural high temperaturegradient in transverse

directionasalreadydiscussedin Section7.2.2.Figure7-14 showsthatthediscrepancy

between model and measuredtemperaturesincreaseswith increasing distance

perpendicularto the flow direction.However,thepredictedtemperaturedistributionis
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consideredgoodconsideringthe simplifying assumptionsof the 2-D modelsuchas

neglectingthetool shoulder,anadiabaticpin, aswell asconstanttemperatureson the

advancingandretreatingsidewalls.

It is importantto mentionthatthemeasuredtemperaturesmight be lower than

theactualworkpiecetemperaturebecauseof impropermountingof thethermocouples.

Themeasuredtemperaturedatais discussedin moredetail in Section8.4.1.Assuming

that the welding temperaturesare higher than shown in Figure 7-14 it becomes

obvious that the 2D model underpredicts the temperaturesis FSW. Taking into

accountthatthenoshouldereffects4areincluded,onemayexpectlower temperatures

in the2-Dmodel.

7.4.4 Parametric Studies of Rotational and Welding Speed

In the following, process relevant quantities are described as functions of the

welding and rotational speed. Of interest are especially the forces acting on the tool,

the torque, the power and the energy PUWL. In the following sections, the model data

is usually plotted versus the weld pitch (WS / RPM) to combine variations of

rotational and welding speed in one graph. It is important to mention that the weld

pitch (WP) is not a unique welding parameter. Welding speed and RPM can be varied

simultaneously resulting in a constant weld pitch, but other weld parameters may be

changed: e.g. the weld power and energy per unit weld length. It will be shown that

4 Due to the large strain rates close to the shoulder, more heat may be generated near the shoulder.
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the welding responseis different, if welds areperformedat constantweld pitch but

equallychangedweldingspeedandRPM. Accordingly, "processingmaps"shownas

functionsof the weld pitch areonly valid for the welding speedand the rotational

velocitythathavebeenusedto producetheresults.

The welding parameterswere varied over a wide range of rotational and

translationalspeeds.Models were run at the 12 possible combinationsof three

different welding speed(1.28, 2.35, and 3.3 mm/s) and four different rotational

velocities(116,232,390,and464RPM). Furthermore,severalmodelswerecalculated

at a constant weld pitch (0.423 mm/rev) varying RPM and welding speed

simultaneously.

7.4.4.1 Power and Specific Weld Energy

In the model heat is generated due to viscous dissipation. Assuming that all

mechanical work is converted into heat, the energy balance at the system boundaries

yields the amount of generated heat.

(7-2)

Figure 7-15 shows the power at the 12 different weld pitches. A processing

map as shown in Figure 7-15 is to be read as follows. Models, which were calculated

at the same welding speed but at different rotational velocity are connected through

solid lines. The weld pitch (WS / RPM) decreases with increasing RPM. Hence, one

moves from the right to the left on the solid lines with increasing RPM. The dashed
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lines in Figure7-15 connectthemodelsat constantwelding speedbut varyingRPM.

Increasingtheweldingspeedincreasestheweld pitch. Therefore,onemovesfrom the

left to theright onthedashedlineswith increasingweldingspeed.
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Figure 7-15 Power as a function of the weld pitch (WP). The heat generated due

to viscous dissipation increases with increasing RPM at constant welding speed.

Varying the welding speed at constant RPM has only little effect on the heat rate.

At constant weld pitch increasing the RPM and welding speed simultaneously

increases the generated power.

The higher the velocity gradients and, hence, the strain rate is, the more heat

will be generated in a volume of fluid (see equation 6-16). Accordingly, the power

dissipated in the workpiece increases with increasing RPM at constant welding speed

as seen in Figure 7-15. Changing the welding speed at constant RPM (dashed lines)
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has lesseffecton thepowergeneration.The power increaseswith increasingwelding

speedatconstantRPM.
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Figure 7-16 The energy per unit weld length (PUWL) is the specific weld energy.

The energy PUWL is not linearly related to the weld pitch. Increasing the RPM

at constant welding speed increases the energy PUWL. Increasing the welding

speed at constant RPM decreases the energy PUWL. At constant weld pitch with

increasing RPM and welding speed the energy PUWL decreases.

The faster the pin rotates and/or the slower the tool moves the higher the

specific weld energy input. Figure 7-16 shows the specific weld energy (alternatively:

energy PUWL) for the various models plotted versus the weld pitch. The energy

PUWL increases rapidly at low weld pitch by either reducing the welding speed or

increasing the RPM holding the other parameter constant. At high weld pitch, the
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slopesof the lines of constantwelding speedand RPM aremuch lower indicatinga

lower energy"limit" requiredto producewelds. A certainRPM hasto bemaintained

to generateenoughheatfor softeningof thematerial.On theotherhand,defectsmay

occurin friction stir welds if the spindlespeedis too high or too low comparedto the

weldingspeed(seeSection7.4.2).As shownabove,the flow pattern(flow aroundthe

retreatingsideonly), whichexplainstheexperimentalflow visualizationof Seideland

Reynolds[49], wasobtainedonly in acertainrangeof rotationalandweldingspeed.
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Figure 7-17 Energy PUWL at constant WP with simultaneously increasing

welding speed and RPM. The FS welds were performed by [99] in AA7050-T76

whereas the models simulate AA6061.

As stated earlier, the weld pitch is not a unique welding parameter. Several

models were calculated at constant WP but equally changed RPM and welding speed.
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Figure7-17showstheenergyPUWL versustheweldingspeed.At constantweld pitch

the energyPUWL decreaseswith simultaneouslyincreasingRPM andwelding speed

reachinga plateauat highweldingspeed.Furthermore,theenergiesPUWL at thetwo

different weld pitch tendtowardsthe same"constant" limit with increasingwelding

speedandRPM. It is worthmentioningthat flow aroundthe advancingsideoccurred

in thecaseswith thehighestRPMandweldingspeed,respectively.

Severalfriction stirweldswereperformedin AA7050-T76usingconstantweld

pitchby varyingRPMandweldingspeedsimultaneously.Threedifferentweldpitches

(0.282,0.423,and0.564mm/rev)were usedat rotationalvelocitiesbetween180and

810RPM. In Figure7-17theenergyPUWL is alsoshownasa functionof thewelding

speedat three constantweld pitches. As in the 2-D models, the energy PUWL

decreaseswith increasingwelding speedat constantweld pitch. The threecurvesof

measuredenergyPUWL in AA7050 flattenout at high welding speed.Additionally,

weld defectsoccurredon theadvancingsidein weldsperformedat highweldingspeed

andRPM. Evidently,the lower energyPUWL limit is accompaniedby weld defects.

Generally,thesecouldbeavoidedby adjustingthez-axisforce.

Figure 7-18 showsthe microstructureof an AA7050-T76 friction stir weld

performedat 540RPM, WS=3.81mm/s,anda z-forceof 35.5kN. Theweld pitch of

this weld was0.423 mm/rev. In the lower part on the advancingside weld defects

occurred.
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Figure 7-18 Microstructure of a friction stir weld in AA7050-T76 performed at

540 RPM, WS=3.81 mm/s, and 35.6 kN z-force. Weld defects can be seen in the

lower part of the advancing side, which is on the left hand side. The image is

taken with courtesy from [99l.

So far, the causes of the weld defects seen at some welding conditions are not

known. The 2-D model may clarity some of the unanswered questions. Both, the 2-D

model and the friction stir welds show unusual behavior at high RPM and welding

speed. Under these welding conditions the model predicts material flow around both

sides of the pin instead of flow around the retreating side only. At the same time

volumetric defects form on the advancing side in friction stir welds. Furthermore,

model and experiments show the same tendency towards a lower limit of the energy

PUWL. Again, it is worth mentioning that the 2-D model does not capture the 3-D

aspects of the material flow in hot friction stir welds.
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7.4.4.2 Torque

If the wall shear stress x. is integrated along the pin surface one obtains the

torque at the pin.

27_

M= Ix. rdA:hr2 fxwdq0
o

(7-3)

In equation (7-3), M denotes the torque; r and h are the pin radius and the weld height,

respectively, and q0 is the angle.
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Figure 7-19 The torque at the pin decreases with increasing RPM at constant

welding speed and with decreasing welding speed at constant RPM.

The torque at the pin decreases with increasing RPM at constant welding speed

and increases with increasing welding speed at constant RPM as seen in Figure 7-19.
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The softer the material gets as a result of increased strain rates and heating time the

easier it is to maintain the pin rotation. Increasing the RPM at constant welding speed

increases deformation speed resulting in a higher viscous dissipation rate and, hence, a

hotter and softer material in the vicinity of the pin. ,

7.4.4.3 Forces

In general, the forces on the pin are the sum of the pressure and the viscous (or

shear) force, respectively.

F = FP,_ss_ + Fs,,car =-IP fidA+ _tdA (7-4)

In equation (7-4), p denotes the pressure, fi is the unit normal of the surface, A is the

area, _ is the shear stress tensor, and t is the unit tangent of the surface.

Figure 7-20 shows the forces on the pin in longitudinal direction (x-force),

which is the force of the fluid on the pin in flow direction. The x-force is linearly

related to the difference of pressure minimum and maximum in the fluid (not shown in

a figure). The pressure maximum and minimum always occur on the pin surface. In

general, the pressure maximum and minimum are located on the leading and trailing

side of the pin, respectively. The longitudinal force increases with decreasing RPM at

constant welding speed and increases with increasing welding speed at constant RPM.

Increasing simultaneously welding speed and RPM at constant WP increased the force

in flow direction.
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Figure 7-20 The force in longitudinal direction increases by either decreasing the

RPM or increasing the welding speed holding the other parameter constant. The

minimal x-force occurred at the highest rotational speed (464 RPM) and the

lowest welding speed (1.28 mm/s)

The dependency of the force in transverse direction (y-force) on the weld pitch

is different. As shown in Figure 7-21, the y-force changes its sign depending on the

welding conditions. At 464 RPM (the highest rotational velocity) the fluid pushes the

pin to the advancing side for all three welding speeds. For the other 9 simulated cases

the force on the pin points towards the retreating side. If the y-force on the pin points

towards the retreating side (negative sign), its magnitude increases with increasing

welding speed and decreasing RPM holding the other parameter constant,

respectively. At 464 RPM the y-force increases (now in the opposite direction) with

decreasing welding speed. It is worth mentioning that at the magnitude of the x-force
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andthe y-force is thesameat low weld pitches.At 464 RPM andthe weldingspeeds

1.28and2.35mm/s, respectively,the magnitudeof the force in transversedirection

(towardstheadvancingside)is largerthantheforce in flow direction.
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Figure 7-21 The force in transverse direction as a function of rotational and

welding speed. At 116, 232, and 390 RPM the force on the pin points towards the

retreating side (negative y-force). At 464 RPM the direction of the force vector is

reversed. At the lower rotational velocities, the magnitude of the y-force increases

with increasing welding speed at constant RPM and it decreases if the RPM is

reduced at constant welding speed.

It is worth mentioning that only the force in transverse direction shows a

different behavior at 464 RPM. Neither the x-force, nor the torque or the energy

PUWL are qualitatively different at high rotational velocities.
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Two questions arise at this point: What is different in the simulations at 464

RPM compared to the other simulated cases? And: What is causing the y-force to

change its sign? A look at the pressure distribution and the streamlines may clarify

these questions.

The pressure distribution in the case with the lowest weld pitch (WP=0.165

mm/rev, 464 RPM, and WS=1.26 mm/rev) is shown in Figure 7-22 and Figure 7-23,

respectively. The reason to show the pressure contour plots in two separate images is

to increase the number of contour level in the regions of low and high pressure,

respectively. The pressure minimum and maximum occur both on the trailing side of

the advancing side and retreating side, respectively. Even though not shown here, the

pressure maximum occurs on the leading side of the pin in the cases calculated at the

lower rotational velocities. In FSW the leading and the trailing side are defined as the

front and back of the FSW tool, respectively.

?'ressure Minimum

Figure 7-22 The pressure minimum occurs on the trailing side of advancing side

at 464 RPM and 1.28 mm/s.
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Figure 7-23 At 464 RPM and WS=1.28 mm/s the pressure maximum occurs on

the trailing side of the retreating side.

The streamlines of the simulation at 464 RPM and 1.28 mm/s can be seen in

Figure 7-24. Two phenomena occur in this case making it different from the

streamline plot shown in Figure 7-5 for 232 RPM and 3.3 mm/s. First, the "plug" seen

in the concentric streamlines, is thicker than in the other case. The plug thickness is

discussed in more detail in Section 7.4.4.4. Second, streamlines within the pin

diameter are separating earlier from the trailing side of the pin. Still, material is

released at the same position in transverse direction as it was before passing the pin.

The "plug" thickness reaches a maximum on the trailing side of the advancing side.

The location of the maximum plug thickness coincides with the location of the

pressure minimum. The pressure distribution (Figure 7-22 and Figure 7-23) and the

streamline plot (Figure 7-24) are representative for all three simulations at 464 RPM.
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Advancing Side

Flow Direction

Retreating Side

Figure 7-24 Streamlines at the pin, which is rotating clockwise at 464 RPM. The

free stream velocity is 1.28 mm/s. On the leading side of the pin, the streamlines

are separating earlier (meaning closer to the retreating side) from the pin than

shown in Figure 7-5. In addition, the plug at the pin (concentric streamlines) is

thicker than in the other case.

No measured force in transverse direction is available due to the "limited" data

acquisition of the FSW-PDS. So far, the y-force in FSW was never published in the

literature. Without experimental data confirmation, we cannot state if the anomaly of

the y-force at high RPM is FSW or model related.

At this point two things are important to remember. First, the 2-D model

simulates the FSW process only at so-called "cold" welding conditions (high weld

pitch, high welding speed and low RPM), where the least vertical mixing occurs

(Chapter 5). The lower the weld pitch is the more material is mixed vertically. Hence,
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the legitimacy of the 2-D model predicting the real processis decreasingwith

decreasingweld pitch. Second,the material flow in the "hot" AA6061 weld (Section

5.5.4) was qualitatively different than at the other two welding conditions.Further

studiesarenecessaryto investigatethe behaviorof the 2-D modelat high rotational

velocities.

7.4.4.4 The 2-D Model at high RPM

Nine 2-D models in this Section were calculated at one constant welding speed

(2.35 mm/s) varying the rotational velocity between 30 and 955 RPM. In both extreme

cases (30 and 955 RPM) material within the pin diameter passed the pin on advancing

and retreating side similar to the case (1146 RPM and WS=l.28 mm/s) as shown in

Figure 7-8. We will examine how the weld data such as power, forces, and the plug

thickness changes with increasing the rotational speed and what the differences to the

previously shown cases are.
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Force in Flow Direction at WS=2.35 mm/s

50000

40000

Z

30000

o
g.

::_ 20000

10000

1
i

0 100 200 300 400 500 600 700 800 900 1000

RotaUonal Velocity [RPM]

Figure 7-25 The x-force on the pin in flow direction at WS=2.35 mm/s as a

function of the rotational velocity. The force decreases between 30 RPM and 525

RPM and increases between 525 RPM and 955 RPM.

Figure 7-25 shows the x-force in these cases as a function of the rotational

velocity. Remember that in the previous Sections data is shown as functions of the

weld pitch (WS / RPM), in which the rotational speed occurs in the denominator.

Therefore, increasing the RPM corresponded to decreasing the weld pitch. As seen in

Figure 7-25 the longitudinal force decreases when the rotational velocity is increased

from 30 to 525 RPM. Here, the dependence of the x-force on the RPM is the same as

seen in Figure 7-20. Increasing the RPM even further increases the x-force on the pin

instead of further reducing the force. The minimum x-force for the cases studied is at

525 RPM. Note that at low RPM the x-force is increasing dramatically.
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Force in Transverse Direction at WS=2.35 mm/s
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Figure 7-26 The force on the pin in transverse direction at WS=2.35 mm/s as a

function of the rotational velocity.

The force in transverse direction is plotted in Figure 7-26. As already seen in

Figure 7-21, the y-force changes its direction. At low rotational velocities the fluid

pushes the pin towards the retreating side. At about 4l 1 RPM the magnitude of the y-

force reaches a minimum (closest to 0 N). At higher RPM, the force on the pin is

positive, which corresponds to the fluid pushing the pin towards the advancing side.

The maximum y-force in direction of the advancing side was at 525 RPM. Increasing

the RPM even further decreases the y-force again. At 955 RPM, a case with flow

around the advancing side, the pin is pushed towards the retreating side. Note that the

minimum and the maximum of the magnitude of the x-force and the y-force,

respectively, occur at the same rotational velocity of 525 RPM. The magnitude of the

force vector is minimal at 464 RPM (not shown in a figure).
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The generated power and the energy PUWL both increase with increasing

RPM as shown in Figure 7-15 and in Figure 7-16, respectively. However, at the high

rotational velocities (525,764, and 955 RPM) both reach an upper plateau with only

slightly increasing values. Additionally, the maximum fluid temperature is almost

constant in those three cases. As a reminder, the viscosity function prevents the fluid

from "overheating" due to its steep drop above the solidus temperature. Hence,

exceeding a certain rotational speed does not result in more heat generation.

The material flow pattern in the vicinity of the pin changes depending on the

welding conditions, here, in form of the rotational velocity. The most significant

changes can be seen in the plug thickness. It is determined on the advancing side using

the x-velocity as a criterion. The sign of the x-velocity on the advancing side is

positive (opposite to the flow direction) if material rotates with the pin (i.e. the plug).

If material passes the pin on the advancing side, the x-component of the velocity

vector never changes its sign. At the center of the pin on a line in transverse direction,

the plug thickness is determined on the advancing side where the x-velocity is

changing its sign.

Figure 7-27 shows the advancing side plug thickness dependent on the

rotational velocity for the 9 simulated case. The plug thickness increases with

increasing rotational speed up to 525 RPM. Even though not shown here, it also

increases with decreasing welding speed. The maximum plug thickness of more than 1

mm occurred in the case with the lowest weld pitch performed at 525 RPM. At higher

rotational velocities the plug is very thin with the minimum thickness at 955 RPM,
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wherematerialwithin thepin diameteris passingthepin on advancingandretreating

side.

Plug thickness on the Advancing Side
at WS=2.35 mmls
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Figure 7-27 Plug thickness on the advancing side at WS=2.35 mm/s. The plug

thickness increases with decreasing rotational speed before it drops to almost

zero at high rotational velocities.

To summarize, at increasing RPM the forces and the plug thickness reach

extrema before the flow field is changing qualitatively, i.e. flow around the advancing

side. This may be interpreted as the onset of a changing flow field. The flow around

the advancing side at low rotational velocities is primarily accompanied by a steep

increase of the force on the pin.
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7.4.5 2-D Model Simulations of the Material Flow in AA2024

The 2-D model was also used to simulate FSW in AA2024-T3. The main

differences between AA2024 and AA6061 are the higher flow stress, the lower

thermal conductivity, and the lower solidus temperature of AA2024. Models were

carried out in the grid configuration Mesh II at the 9 possible combinations of three

different welding speeds (1.28, 2.35, and 3.3 mm/s) and three different rotational

velocities (80 RPM, 116 RPM, and 232 RPM). The constants of the viscosity function

(equations (6-10) and (6-11)) are listed in Table 6-1 and the thermal conductivity as

well as the specific heat are listed in Table 6-2. In the user-defined function (UDF)

defining the viscosity of AA2024, the viscosity is forced to drop 4 orders of magnitude

within 5 °C above and below the solidus temperature of AA2024 (Ts = 502 °C). Hence,

the transition or "drop-off" temperature is 497 °C.

With the exception of the slowest welding speed, actual friction stir welds in

AA2024 at the welding parameters used here, are considered to produce "cold" welds.

As shown in Chapter 5 for aluminum alloys of the 2XXX and 7XXX series, the

vertical mixing in a friction stir weld is minimal at "cold" welding conditions. Even

though the lowest rotational speed used for the material flow visualization was 232

RPM it is assumed that welds at lower RPM produce even less vertical flow. At USC,

defect free welds in the 7XXX series were performed at a weld pitch of 0.423 mm/rev

using 90 RPM and WS=0.85 mm/s. In general, the window of welding parameters

producing "good" and defect-free welds is smaller in the high flow stress alloys than
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in AA606I. The 2-D model predictsmaterial flow around the advancingside for

AA2024 at lower rotationalvelocitiesthan for AA606l. For example,materialflows

consistentlyaroundbothsidesof thepin at 232RPM at all threewelding speedsused

here.The streamlineplots aresimilar to that shownin Figure 7-8 for AA6061. The

other simulations at lower rotational velocities (80 and 116 RPM) revealedflow

patternssimilar to that of the AA606I caseshownin Figure 7-5 whereall material

within thepin diameteris passingthepin on the retreatingside.Material flow around

the advancing side is usually correlatedwith weld defects, i.e. wormholes,as

discussedin Section7.4.2. Its occurrenceand the consequencesarediscussedin the

following paragraphs.

Figure 7-28 shows the power generatedin the 9 casesusing the material

propertiesof AA2024. The power reaches an upper limit at increasing RPM holding

the welding speed constant (from the right to the left in Figure 7-28). The maximum

temperature, which always occurs on the trailing side of the advancing side, is almost

the same (about 498 °C) in all AA2024 cases at 116 and 232 RPM. As already

mentioned in the previous section, almost no extra heat is generated in the fluid if the

fluid temperature exceeds the "drop-off" temperature (here: 497 °C), above which the

viscosity decreases significantly. This is especially true if the fluid temperature is

above 497 °C in most of the region of the severe deformation, i.e. high strain rates.

Remember that in the cases with the highest rotational velocity at 232 RPM, material

flow occurred around both sides of the pin indicating a possible weld defect. The

increase of power from 116 RPM to 232 RPM is lower than the increase from 80 RPM
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to 116 RPM. Hence, a decreasingslope of the power in the power-RPM plot

accompaniesthematerialflow aroundtheadvancingside.
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Figure 7-28 The generated power plotted versus the weld pitch in

AA2024 simulations using Mesh II.

the 2-D

The plot of the force in flow direction against the weld pitch in AA2024 seen

in Figure 7-29 also shows a significant difference from the AA6061 x-force plot

(Figure 7-20). For the cases at 80 and 116 RPM the following statement can be made.

The force on the pin in flow direction increases with increasing welding speed and

decreasing rotational velocity holding the other welding parameter constant. The same

dependencies were shown for AA6061 in Figure 7-20. However, the x-forces at 232
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RPM areh.h.jg_h_thanat 116RPM at all threewelding speeds.The samephenomenon5

was already seen in AA6061 at WS=2.35 mm/s in Figure 7-25. The general

dependencyof thex-force on the rotational velocity is the following: Increasingthe

RPM at constantwelding speedmay result in a minimum force in flow direction if

flow aroundtheadvancingsideis encounteredat highRPM.

2024: Force in Flow Direction

50000 23_._/ -_ 80 RPM oooot
30000

  ooooI\
_// ;,_pM -- coostRPM100001 ' _ _ '

2,5 0
O0 0 5 1 0 15 20

Weld Pitch [mm/s]

Figure 7-29 Force in flow direction in AA2024.

To summarize, the main difference between AA2024 and AA6061 is that

material flow around the advancing side occurs at lower rotational velocities at the

same welding speed. As already discussed in the previous sections, the force in flow

direction (against the welding direction) goes through a minimum at increasing

5 If material flow is only around the retreating side, the x-force decreases with increasing RPM. Above

the rotational velocity at which material flow is also around the advancing side, the x-force in__£reases

with increasing RPM.
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rotational velocity before the onset of advancing side flow. Additionally, the plug

thickness on the advancing side is maximal at the minimum x-force as shown by

combining Figure 7-25 and in Figure 7-27 for AA6061. If the RPM increases even

further, the plug collapses and material at the edge of the advancing side is passing the

pin on the same side instead of performing almost a full rotation around the pin.

Advancing Side I Welding Direction I .

A) 80 RPM B) 116 RPM C) 232 RPM

Figure 7-30 Streamlines on the advancing side of the clockwise rotating pin for

three different cases at WS=1.28 mm/s in AA2024.

Figure 7-30 illustrates the different material flow at constant welding speed

with increasing rotational velocity. Note that only the most significant streamline on

the edge of the advancing side is shown in Figure 7-30. At 80 RPM (A) all material

within the pin diameter passes the pin on the retreating side. Material flowing along

the streamline, shown in (A), is almost rotating 360 degree in rotation direction around

the pin. The streamline is nearly symmetrical to the center of the pin. At 116 RPM (B)

the plug thickness increased and the streamline separates from the pin on the trailing

side. The pressure minimum moved towards the advancing side to the location where
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materialon this streamlineis releasedin the uniform flow field. Finally at 232 RPM

(C), materialwithin thepin diameteris passingthepin onboth sides.Note that in the

latter casethe pressureminimum and maximumare locatedat the separationof the

streamlines,onepassingthe pin on the advancingside andtheotherpassingit on the

retreatingside.

7.4.6 Artificial Materials

So far, the 2-D model was used to simulate the material flow of AA6061 and

AA2024 at various welding conditions. For a certain material the material properties

such as the viscosity, the thermal conductivity, and the specific heat are given in Table

6-1 and Table 6-2. The different welding characteristics of the two alloys are related to

their material properties. However, it is difficult to relate a single property to the

different welding responses; the influence of a single property is not known. In this

section the material properties are subject to variation holding the welding parameters

constant. Artificial materials are created varying one material property after the other.

To determine the influence of the viscosity on the flow field, the magnitude of

the viscosity was varied. The temperature and strain rate dependence was not changed.

Three cases were solved using fractions (1, ½, and 1/3 ) of the viscosity of AA2024.

The thermal properties of AA2024 were used in all 3 cases. The boundary conditions

were the same in all cases using a rotational velocity of 232 RPM and a welding speed
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of 3.3 mm/s. The temperatureat the inlet as well at the walls on advancingand

retreatingsidewaskeptconstantat27 °C.ThethreecasesweresolvedusingMeshII.

Table7-4 lists the forces,power,energyPUWL, andthetorqueof the3 cases.

In the first case(alreadyshownin the Section7.4.5) material flow occurredaround

both sidesof the pin, which is indicatedby ADV+RET in the last column of Table

7-4. In the other two caseswith lower viscositiesmaterial within the pin diameter

passesthepin on the retreatingsideonly.Decreasingtheviscosity reducesthepower,

the torque,andthe forceon the pin in flow direction.The flow aroundthe advancing

sideis accompaniedby a steepincreaseof thex-force. At onethird of theviscosityof

AA2024 the force on the pin points towards the retreating side whereasit is of

oppositesign in thecasesof high viscosity. It wasalreadyseenin Section7.4.4.4in

AA6061 at increasingRPM that the transverseforce changesits direction before

materialactuallystartsflowing aroundbothsidesof thepin. However,the viscosity of

AA2024 is varied in the present cases instead of the welding parameters.

Viscosity

q(2024)

r1(2024) / 2

r1(2024) / 3

X-Force

IN1
49060.6

12256.6

10027.1

Y-Force

INl
5085.2

4090.9

-1278.2

Power

[Wl
1715.6

1676.1

1386.4

Torque

[Nml

74.8

70.1

58.0

Comment

ADV +RET

RET

RET

Table 7-4 Simulation data varying the viscosity only. The 2-D models are based

on the simulation of AA2024 performed at 232 RPM and WS=3.3 mm/s using

fractions of the viscosity of AA2024.
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The thermal fluid propertiessuch as the thermal conductivity (k) and the

specific heat (%) were successively modified using the same boundary conditions in

all cases (232 RPM, WS=2.35 mm/s, and Tinier=27 °C). Both properties are

temperature dependent as discussed in Section 6.1.2. The viscosity of AA6061 was

used in all six different cases, which are listed in Table 7-5. The thermal conductivity

was varied in the cases 1 - 5 a two different functions of the specific heat. Note that in

the cases 1 - 3 the thermal conductivity was varied by changing only the offset of the

linear function. The specific heat was changed in the cases 1, 6, and 5 using the same

thermal conductivity. In the following the results are plotted against the thermal

diffusivity 6 at constant temperature, which is calculated at T=27 °C (300 K) as listed

in the last column in Table 7-5.

Case

1

2

3

4

5

1

6

5

Thermal Conductivity

k [W/m-K]

105.23 + 0.1594 T

Specific Heat Thermal Diffusivity at 300 K

Cp [J/kg-K] (k/pcp) (105 mZ/s)

789.90 + 0.4959 T 6.04

115.23 + 0.1594 T s.a. 6.43

7.28136.80 + 0.1594 T

87.243 + 0.1168 T

105.23 + 0.1594 T

105.23 + 0.1594 T

s.a.

s.a.

s.a.

718.29 + 0.4754 T 5.26

6.58
s.a.

789.9 + 0.4959 T 6.04

634.59 + 0.8562 T 6.36

718.23 + 0.4754 T 6.58

Table 7-5 Variation of the thermal properties.

6 The thermal diffusivity, ct, combines the thermal conductivity, the specific heat, and density:

k

pCp
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Figure 7-31 shows the power generation in the various 2-D models as a

function of the thermaldiffusivity. Increasingthe thermalconductivity increasesthe

powersignificantly.Varyingthespecificheathasonly little effecton thepowerin the

rangeof the variation of the specific heat. Even thoughnot shownhere, the same

dependencieswere found for the force in flow direction. In the material with the

higherthermalconductivityheatis pulled awayfrom theheatsourcemoreeasily.The

heatsourceis the deformingmaterial in the vicinity of the pin. Hence,the higher

thermalconductivityyieldsthe lower fluid temperaturesasseenin Figure7-32,which

showsthe temperaturedistribution along the centerlineof the caseswith the lowest

(case3) andthe highest(case4) thermal diffusivity. Consequently,the viscosity is

higherin thevicinity of thepin causinghighertool forcesandahighertorque.
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Figure 7-31 Power against the thermal diffusivity at 300K. The same welding

parameters (232 RPM and WS=2.25 mm/s) were used in all six cases.
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Figure 7-32 Temperature profile at the centerline for the cases of the lowest and

highest thermal diffusivity.
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7.5 Summary and Conclusions

A fluid mechanics based, two-dimensional process model of FSW was

developed. FSW was simulated as a two dimensional, steady state, and laminar flow

of a non-Newtonian fluid past a rotating circular cylinder where the FSW tool was

represented by the pin only. The temperature and strain rate dependent viscosity of

AA 6061 is based on a constitutive law of the flow stress of aluminum alloys using the

Zener-Hollomon parameter. The thermal conductivity and the specific heat are

temperature dependent. First, cold welding conditions (high weld pitch) were

simulated with the 2-D model, since little vertical material movement occurred in such

welds. Thereafter, the weld pitch was varied over a wide range of rotational tool

velocities and welding speeds to conduct parametric studies.

The material flows at uniform constant velocity on straight streamlines towards

the rotating pin. Material within the pin diameter passes the pin only on the retreating

side and not on both sides of the pin. After passing the pin, material flows again at the

constant welding speed at the same distance to the centerline as it was before, towards

the domain outlet. The material experiences accelerations in the deformed region such

that it flows further downstream than material, which passes the pin outside the pin

diameter.

before

Particles, which were lined up in the transverse direction in the flow field

welding, end up at positions relative to each other, which match the
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experimentallyobservedflow pattern. The most obvious observationis the non-

symmetricmaterialflow aboutthecenterline.The rotatingpin transportsmaterialonly

aroundonesideof thepin,namelytheretreatingside,to its final positionin theweld.

Materialoutsidethepin diameterbut still closeto thepin, which passesthepin on the

advancingside,experiencesalmostnodeformation.

The modelwasalsousedto test its limits, i.e. at low weld pitch (high RPM,

low welding speed).Material is flowing aroundthe retreatingand advancingside if

the rotationalvelocity is highenoughcomparedto thewelding speed.Additionally, if

the RPM were decreasedat constantwelding speed,materialwould eventuallypass

the pin on bothsides.Finally, the flow field is symmetricaboutthe centerlinewith a

stationarypin. It was shown for the low weld pitch that the experimentalmarker

position from [9] could only be matchedif all materialwithin the pin diameteris

passingthepin on theretreatingside.However,a meaningfulcomparisonbetweenthe

experimental"'cold" weld (WP=0.853mm/rev) and the numerical 2-D model at

WP=0.067mm/revis not possiblebecausea friction stir weld performedat low weld

pitchproducesa lot of verticalmixing.

Parametricstudiesof the rotationaland translationalspeedwere performedto

create "processing maps" of the current 2-D model. The dependencies of power,

energy per unit weld length, torque, and forces on the welding parameters can be seen

in those maps. The force against welding direction at the pin increases with increasing

welding speed at const RPM and decreases with increasing RPM at constant welding
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speed.The power increaseswith increasingRPM at constantwelding speedandstays

almost the sameat varying welding speedand constantRPM. The more heat is

generatedin the deformingmaterial (i.e. at low weld pitch) the less resistancethe

rotating andtraversingtool experiences.The energyper unit weld length increases

with increasingRPM anddecreasingweldingspeed,respectively.

The measuredforcesare lessthantwo times smallerand the energiesPUWL

areabout30%higherthanpredicted.However,moreimportantly,the sametrendsare

shownfor threedifferent setsof welding parameters.Due to the absenceof the tool

shoulder,an importantareaof heatproductionis missingin the model.It is believed

that a 3-D model including thetool shoulderand possiblya threadedpin will predict

FSW more realistically.The 3-D model developmentis presentedin the following

chapter.
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8 The Three-Dimensional Process Model

Friction stir welding is a three-dimensional process. As seen in Chapter 5, the

material flow is highly three-dimensional for most of the welding conditions because

of the shape of the FSW tool. The flow visualization has shown that the material flow

mechanism due to the shoulder is different from that due to the pin. The validity of the

2-D process model presented in 7 is limited to the mid- section of so-called "cold"

welding conditions. Hence, a more realistic process model, simulating the material

flow and the heat generation in FSW, should be three-dimensional. Expanding the

current 2-D model introduces many new challenges, which can be reduced to two

basic questions:

1. What features need to be included in the3-D flow domain?

2. What are the appropriate boundary conditions?

To answer the first question, the following considerations were made. The

more realistic the tool is represented, the more realistic the results may be. However,

the influences of most of the tool details are not known. Even though friction stir

welds have been performed using many different tool types [101], little research

regarding tool design has been published. As shown in Sections 5.3 and 5.4, different
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pin and shoulderdiameterswere used in this research.However, all tools for the

material flow visualizationhadcommonfeaturessuchasa concavetool shoulderand

athreadedpin with a convextip. Additionally, theweldswereperformedwith a fixed

pin clearanceat the bottom of the plates.However, the influence of neither of the

abovefeatureswas investigatedsofar.

Besides the tool geometry, the size of the flow domain comprisesnew

modeling aspects.For example, including the backing plate avoids the unknown

contact condition at the bottom surfaceof the plates to be welded. However, it

introducesnew, unknownboundariesconditionsat the backingplate. Additionally,

including thesolid tool in thesolutionwill complicateheattransfercalculationsof the

model.

As alreadypointedout, the influencesof the tool detailsarenot known. It is

not known a priori if moredetailswould enhanceor unnecessarilycomplicatethe

model.The complicationsmay be as follows. As shown for the 2-D model,a high

meshdensityis requirednearthe tool to capturethe high gradients.Including tool

detailsand/orthe backingplatemaynot only complicatethedomaindiscretization,it

may also increasesthe number of elementsdramatically making the solution

computationallyverycostly.Themaximumnumberof elementswaslimitedby thePC

system,which wasusedto carryout the solution.The capacityof the systemusedin

this research(1400 MHz CPU and 640 MB RAM) was approximately 500000

elements.
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The secondbasicquestionconcernedthe appropriateboundaryconditions,i.e.

the thermalBC's. A 3-D model includesnewboundariessuchasthetool shoulderas

well as thetop and bottom of the plates (or domain). The condition at the bottom

surfaceof thealuminumplateis importantin FSW,sinceit is believedthatmostof the

heat generatedduring the deformationprocessis transferredto the FSW machine

throughthebackingplate[100]. Eventhoughtheplatesto beweldedwereclampedto

thebackingplate,it is likely that the contactresistanceis not uniform at thebottom,

i.e.below thetool. To theknowledgeof theauthor,no researchwaseverconductedto

investigatethe influenceof thevertical tool forceon thethermalcontactat thebottom

of the workpiece.It wasshownin the2-D model that theassumptionof anadiabatic

pin yieldeda reasonabletemperaturedistribution.However,in a 3-D model the heat

transferboundaryconditionat thetool mayrequiremodifications,e.g.convectiveheat

transfer.

To summarize, the development of a 3-D model automatically creates new

boundaries. The boundary conditions at the new domain boundaries are not known.

8.1 The General 3-D Modeling Approach

The goal of the present research project is to model a conventional FSW butt

weld as shown in Figure 2-2. The 3-D model considers only the steady-state part of

FSW. The following simplifications and assumptions were made:

• Cylindrical, non-threaded pin
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• Flat shoulder

• Flattopsurfacewith convectiveheattransfer

• Convection at the bottom surface

• Advancing and retreating side boundaries "within" the FSW plate-size

• The flow domain does not include the backing plate or the solid FSW tool.

Using a non-tilted tool with a non-threaded pin and a flat shoulder avoids

complications of the modeling techniques such as a moving mesh. Most of the friction

stir welds presented in this research were performed with a tilted tool. However, the

most recent tool development is focused on so-called zero-degree tools. Therefore,

modeling a non-tilted tool is close to reality.

Modelling the flat top surface as a moving wall prevents material from

"leaving" the domain vertically. Hence, the flash usually occurring in FSW is not

captured by the 3D-model. However, excessive flash, as seen in Figure 7-10-A, does

not appear under "regular" welding conditions. It is assumed that neglecting the free-

deformable top surface of a friction stir weld does not alter the material transport

greatly.

Convective heat transfer is assumed at the bottom and top surface of the flow

domain. Chao et al. [60] and [100] modeled in their finite element heat transfer model

the surroundings as convection boundaries. Chao et al. obtained the convection heat

transfer coefficient at the bottom surface in an iterative process by matching

experimental temperature data. The obtained values were used as starting values for

the present 3-D model.
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Excludingthebackingplatefrom themodelhadbasicallytwo reasons.First, it

did not further increasethenumberof elements.Secondly,the appropriatesizeof the

backing plate and the boundaryconditions are not known. Hence, including the

backingplatewould not improvethe model.In contrast,it would further complicate

themodelsincenew unknownboundaryconditions(e.g.at thebottom of thebacking

plate)needto bedeterminedin an iterativeprocessmatchingexperimentaldatasuch

as temperatureprofiles. However, an iterative processwith a larger meshsize is

computationallymoreexpensivethanwith a smallermeshsizeexcludingthebacking

plate.

In the following sectionsthe x, y, andz-coordinatedenotethe flow direction,

thetransversedirection,andtheweld height,respectively.Theorigin of thecoordinate

systemis at the bottom of the center of the tool. Accordingly, the weld height

increasesfrom thebottom to thetop from 0 to 8.13 ram. The x-coordinatepoints in

oppositedirectionof theflow direction.Fluid entersthe flow domainat the flow inlet

at x = 60mm andleavesit at the flow outlet at x = -90 mm. Note that flow direction

and welding direction are of opposite sign. The transverse direction points from the

retreating to the advancing side. Hence, the y-coordinate is negative on the retreating

side and positive on the advancing side (see also Figure 8-1). The coordinate system in

the 3-D flow domain is consistent with the coordinate system of the 2-D model.

Figure 8-1 shows a schematic drawing of the initial 3-D flow domain projected

on the x-z-plane. Note that the tool shoulder is modeled as a rotating wall at the same
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height asthe top surfaceeventhoughit is shownas a cylinder in Figure 8-1. Since

most of the friction stir weldswere performedwith the "standard"tool (tool #1 in

Table4-6), a 10mm pin anda 25.4mm shoulderdiameterwerechosen,respectively.

The cylindrical pin coversthe total height of the flow domainunlike in FSW where

thepin clearanceat thebottomsurfaceis approximately0.08mm. Hence,nomaterial

canpassthetool belowthepin.

The dimensionsof the three-dimensionalflow domain in the x, y, and z-

directionare150mm, 100mm, and8.128mm, respectively.Note that thedimensions

in thex-y-planearethesameasin the2-D modelusingDomainII.

Outlet To

i TM

25.4 mm -i
I

I

_ 10 mm __ ,,
' t ', :
!

Inlet

I !

° i '
I !

' 150, mm _'.

Figure 8-1 Schematic drawing of the 3-D flow domain projected on th x-z-plane.

The material to be modeled was AA6061-T6. The same material properties

were used as in the 2-D model.
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8.2 The 3D-Mesh

As already pointed out, the total mesh size is a critical factor for the

discretization of the flow domain. It was shown in Section 7.1 for the 2-D domain that

a high mesh density at the pin was necessary to capture the high velocity gradients.

Hence, a high mesh density is required at pin and shoulder in the 3-D model. On the

other hand, a fairly coarse mesh is sufficient in the region of uniform flow.

The mesh was created such that the transition from high to low mesh density

occurs relatively close to the tool. Nodes were placed every 0.25 mm on the edges of

the pin and the shoulder, respectively. The pin and shoulder surfaces were discretized

using triangular elements. Additionally, a mesh boundary layer (similar to that in the

2-D mesh), consisting of very thin wedge elements, extends normal to the tool surface

in the flow domain. Figure 8-2 shows parts of the 3-D mesh at the pin projected onto

the x-y-plane. The elements within the mesh boundary layer (seen as rectangular

elements in Figure 8-2) increase with increasing distance normal to the tool surface.

The first row of elements at the tool surface is 0.025 mm high. In the far field, nodes

were placed every 5 mm. The volume of the flow domain was meshed using

tetrahedral elements. The final, three-dimensional mesh contains a total of 306728

wedge and tetrahedral elements.

Due to the high number of elements, no mesh refinement is possible. The

refined mesh would contain roughly 1.2 million elements, exceeding the capabilities

of the current PC-system. It is assumed that the mesh density is sufficient for mesh

convergence. It was shown in the 2-D model that a Mesh III, created with a node
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distributionevery0.3mm on thepin perimeterandameshboundarystartingwith 0.03

mm thin elements,yieldedpractically the sameresultsas a modelusing a very high

meshdensity(Section7.4.1.2).

Figure 8-2 Projection of the 3-D mesh at the pin onto the x-y -plane. The image is

a view from the bottom of the flow aomam, fhe very thin hexahedral mesh

boundary elements exist only at the tool surface. The rest of the flow domain is

discretized with tetrahedral elements.
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A secondflow domainwascreatedusinga lower nodedensityat thetool. The

lengthandthe width of the previousdomainwere doubled.The larger flow domain

was300 mm long, 200 mm wide, and 8.128mm high. The sizeof the tool wasnot

changed.The dimensionsof the large flow domainy- and z-directioncorrespondto

thoseof theactualaluminumplatesthatwere friction stir welded.In the coarsemesh,

nodeswereplacedevery0.4mm insteadof every0.25mm alongthe edgesat thetool.

The first wedgeelementsin themeshboundarylayerwere0.03mm thin. Thecoarse

meshcontaineda total of 155308tetrahedraland wedgeelements.Models of this

meshwere carriedout to test the influenceof the boundaryconditions.Due to the

lower meshdensity,instabilitiesoccurredfor someconditionsduring thecomputation.

These instabilities affected mainly the pressuredistribution so that only "quasi-

converged"solutionswereobtainedwith thecoarsemesh.Therefore,it wasdecidedto

usethis meshonly for qualitativelyjudging the influenceof theboundaryconditions.

However,theoverall performanceof themodelsfor thecoarsemeshthatwerecarried

outat thesameboundaryconditionsasmodelsin thefinemeshwasrelativelygood.In

general,powerandtorquewerewithin 5 % andforceswithin 25% of thevaluesof the

finemesh.Resultsof modelsusingthecoarsemesharediscussedin Section8.4.3.

In the following, the regularmeshis called3D-test-9.The meshof the large

flow domainusingthecoarsemeshis called3D-test-8-2.
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8.3 Initial Boundary Conditions

The boundary conditions presented in this section are starting values for the 3-

D model and may be subject to variation to fit the 3-D model to experimental data

such as temperature profiles, torque and force data.

8.3.1 BC's at the Tool

The tool (pin and shoulder) rotates with a constant angular velocity. The

spindle speed used in actual friction stir welds is used as an input. Since the 2-D model

yielded promising results, it was assumed first that no heat flux occurs between the

workpiece and the pin. Hence, the tool surface was assumed as an adiabatic, rotating

wall. As already seen in the 2-D model, the adiabatic tool serves as an upper limitation

to the fluid temperatures. The heat generation occurs close to the tool in regions of

high velocity gradients. If no heat is transferred to the tool, all the generated heat must

transfer to the surroundings of the flow domain. However, if heat is lost to the tool, the

temperatures will most likely be lower than with an adiabatic tool.

Other models were carried out with approximated heat transfer coefficients at

the tool, in order to simulate a heat sink at the tool.
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8.3.2 BC's at the Top and Bottom of the Domain

The top and bottom of the flow domain are modeled as moving walls with

convective heat transfer to the surroundings. Both walls are moving at the welding

speed. The heat flux q" due to convection is computed as

q" = hf(T W -Tf) = h,_,(Tex, -Tw) (8-2)

where hf and hext are the fluid side and external heat transfer coefficient, respectively.

In equation (8-1), Tf and Text denote the fluid side temperature and the external heat

sink temperature, respectively. The external heat transfer coefficient and the heat sink

temperature are the user inputs.

In general, the top surface of a friction stir weld is exposed to air at ambient

temperature. At the top surface, a convective heat transfer coefficient of 30 W/m2-K is

used. According to Chao et al., ([60] and [100]), the value is typical for natural

convection between aluminum and air due to air flow caused by spindle rotation, there

may be significant forced convection at the top surface.

Due to the high pressure at the bottom surface and the contact to the steel

backing plate, a higher heat transfer coefficient is used. Chao et al. published values of

200 W/mZ-K and 350 W/m2-K for 6.1 mm thick AA6061 and 8.1 mm thick AA2195,

respectively. As already mentioned, they obtained their heat transfer coefficients in an

iterative process from matching experimental and predicted temperature profiles.
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Modelswerecarriedout with uniform convectiveheat transfercoefficientsat

the bottom surface,which was assumedas 500 W/m2-K in most of the models

presentedhere.A constantexternalheatsink temperatureText of 27 °C was used at top

and bottom surface assuming that air temperature and the FSW machine temperature

are the same.

8.3.3 BC's at the Wails on the Advancing and the Retreating Side

The moving walls on advancing and retreating side are within the 200 mm

wide aluminum plates that are usually welded at USC. Hence, the model is surrounded

by the workpiece in transverse direction. The most appropriate boundary condition is a

temperature boundary condition. Khandkar and Xu [98] measured the temperatures at

various locations in a friction stir weld of AA6061-T6 performed at 390 RPM and

2.35 mm/s welding speed. For example, they measured the temperature profile at the

edge of the present flow domain on the retreating side at three different locations.

Temperature measurements performed using an infrared camera have shown that the

temperature difference between advancing and retreating side is negligible, 50 mm off

the weld centerline. By neglecting the vertical temperature gradient at the domain

edges at y=+50 mm one can linearly approximate the temperature profile at the edges

of the flow domain as a function x, which is in the longitudinal direction of the flow

domain. Figure 8-3 shows how the temperature at the walls on advancing and

retreating side changes in x-direction
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Figure 8-3 The temperature profile was prescibed at the moving walls on

advancing and retreating side.

8.4 Results and Discussion of the 3-D Model

The solution method for the 3-D model was the same as for the 2-D model

described in Section 7.3. The models were carried out on a 1400 MHz PC. The

average computation time was about 40 hours.

Models were solved for two different rotational tool velocities (232 and 390

RPM) holding the welding speed constant at 2.35 mm/s. Additionally, the thermal

boundary conditions at the tool and at the bottom surface were varied holding the

welding parameters constant at 232 RPM and 2.35 ram/s, respectively.
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The experimentaldata such as torque and tool forces in AA6061-T6 is

availablefor two differentFSWtypes.As describedin Section4.1.2,conventionalFS

weldswereperformedwith atilted standardtool, with featuresthatincludea threaded

pin anda round pin tip. Theotherweld wasa partial penetrationweld usinga zero-

degreetool with a non-threaded,cylindrical pin. The pin tip of this tool was flat. The

tool dimensionsof thezero-degreetool (shoulderandpin diameteraswell asthepin

length)wereby afactorof 1.25largerthanthoseof thestandardtool.

In the3-Dmodel,thetorque,M, atthetool wascalculatedasfollows:

2 y dq)+ _2nr:xwdr (8-1)M= xwrdA=hrp xw
Pin Shoulder

In equation (8-1) "¢w, r, rp, and h are the wall shear stress, the radius, the pin radius (5

mm), and the height of the flow domain (8.128 mm), respectively. Note that the torque

at the pin and shoulder are proportional to hr 2 and r 3, respectively. To account for the

larger tool diameters and the longer pin that were used for the zero-degree welds, its

welding data was scaled down. The scaling factor of torque, power and weld energy

was 0.512 (0.83 ).

The 2-D model and the yet to be presented 3-D model show that the vertical

and longitudinal forces at the tool in the 3-D model are mainly due to the pressure

force at the shoulder and the pin, respectively. Since the radius and the pin length were

1.25 times larger in the zero-degree weld than in the model, the measured x-force and
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z-forcewere scaleddown by the factor 0.64 (0.82 ) to compare the zero-degree weld

with the3-D model.

Khandkar and Xu [98] measured temperature profiles at various locations in a

friction stir weld performed at a rotational velocity of 390 RPM and a welding speed

of 2.35 mm/s. The boundary conditions in the models presented in Section 8.4.3 were

modified to match the temperature profiles. The material flow in the simulations is

discussed and compared with the flow visualization in AA6061-T6 using the marker

insert technique, which was presented in Section 5.5.4. It is worth mentioning that

experiments cannot be matched exactly with the current 3-D model due to its the

simplifying assumptions. For example, the 3-D model uses a non-tilted tool with a

non-threaded pin. However, the tool was tilted in welds with the standard tool, which

had threads in the pin and the round pin tip. The zero-degree tool had scrolls in the

shoulder and was only partially penetrating the weld. Despite all the differences

between 3-D model and FSW reality, quantitatively realistic results were expected.

8.4.1 The 3-D Model at 390 RPM

The following model was carried out using the regular mesh (3-D-test-9) as

described in Section 8.2. The rotational and the welding speeds were 390 RPM and

2.35 mrn/s. The convective heat transfer coefficients at the top and bottom surfaces

were 30 and 500 W/(m2K), respectively. The pin and shoulder were modeled as

rotating adiabatic walls. As mentioned in Section 8.3.3, a temperature profile was
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prescribedat the movingwalls on the advancingand theretreatingside.The original

viscosity function,which drops3 ordersof magnitudeWithin50°C abovethesolidus

temperature,wasusedfor thecurrentmodel.

Case

StandardFSW

Zero-DegreeFSW

3-DModel

Comparisonw/
StandardFSW
Comparisonw/
Zero-Dem'eeFSW

Torque
[Nm]
74.81

64.49

88.77

119%

138%

EnergyPUWL
IJ/mm]
1292.8

1113.3

1616.6

125%

145%

X-Force
INI

1518.1

1831.8

3704

244%

253%

Z-Force

[N]
22240

18504

3137

14%

21%

Table 8-1 Comparison with welding data at 390 RPM and WS=2.35 mm/s. To

account for the larger tool of the zero-degree weld, the 3-D the torque and energy

PUWL of the model were scaled by a factor of 0.512. X-force and z-force were

scaled by the factor 0.64, respectively.

Torque, energy PUWL, and tool forces of the 3-D model are compared to the

two different friction stir welds (tilted standard tool and zero degree tool) performed at

the same welding velocities (390 RPM and WS=2.35 mm/s). The first weld is a FSW

using the standard tool, which was tilted 2.5 degrees to the vertical axis. The second

weld is the so-called zero-degree weld described in Section 4.1.2. As mentioned in the

previous section, the data of the zero-degree weld is scaled down to compensate for

the larger tool diameters and pin length. The welding data of the two welds and the 3-

D model predictions are listed in Table C-1. Remember that the vertical tool force, the
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z-force, was used as a control parameterin the load controlled welds. It is worth

mentioningthatthetorqueandthetool forcesin thezero-degreeweld werelargerthan

in theconventionalweld usingthestandardtool. It is believedthat themaindifference

is dueto thedifferentpin designs(non-threadedversusthreadedpin).

Thetorqueandtheweld energyPUWL of modelandFSWcompareverywell

despitethe simplifying assumptionsof the 3-D model. The model overestimatesthe

torqueandpowerof bothweldingtypes.The largestdeviationof energyandtorqueis

25% for weldperformedwith thestandardtool and45 % for thezero-degreetool.

The differencesbetweenthe tool forcesarequite significant; however,they

wereexpecteddue to the different tool designof the 3-D model. The standardFSW

tool is tilted againsttheverticalaxis. It is believedthe vertical forceson thethreadsof

the standardpin contributestronglyto theoverall vertical force.Furthermore,in both

weldsmaterialisableto passthetool below theroundpin tip. The additionalresulting

vertical force is not capturedin the 3-D model becausethe cylindrical pin extends

throughoutthe whole flow domain.Hence,with the current3-D model designit is

impossibleto matchthetool forces.It is worth mentioningthat no comparisonof the

third componentof the force vector is possiblebecauseno force measurementin

transversedirectionexists.

Thepressuredistributionat thetool shoulderis shownin Figure8-4.Note that

theunit of thepressureis Pascal(Pa).A localpressuremaximumandminimumoccurs

on the retreatingand on the advancingsideof the shoulder,respectively.The force
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resulting from the pressuredistribution below the shoulder points in positive z-

direction.Itscontributionto thetotalz-forceis almost100%.

3.55m+07 Flow Direction Pressure
-_ Minimum

Advancing
Side

Retreating
Side

"_ Pressure
Maximum

Figure 8-4 Pressure distribution at the shoulder at 390 RPM. A local pressure

maximum and minimum exist on advancing and retreating side, respectively. The

unit of the pressure is Pascal.

Figure 8-5 shows the pressure distribution at the pin. The global pressure

maximum and minimum occur on the leading and trailing edge at the bottom of the

pin, respectively. If a similar pressure distribution was present in the zero-degree,

partial penetration friction stir weld described above one may assume that a high-

pressure region existed below the flat pin. However, this pressure effect is not

simulated in the present 3-D model. Furthermore, the scrolls machined in the shoulder
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surfacemaycontributeadditionalforcecomponents,which arenot capturedby the 3-

D model.The different tool design may cause the large differences of the tool forces.

!

Pressure
Maximum

Figure 8-5 Pressure distribution at the pin at 390 RPM. The extreme values of

the pressure are the global maximum and minimum, respectively. The unit of the

pressure is Pascal.

Figure 8-6 shows predicted temperature profiles in comparison with the

temperature measurements by Khandkar and Xu [98]. Both measurements and

predicted temperatures are from various locations on the retreating side 2 mm above

the bottom surface of the workpiece. In Figure 8-6, y denotes the distance to the weld

centerline. The differences between model and measurements decreases with

increasing distance from the heat source, which is the deforming material near the tool

in transverse and in longitudinal direction. In general, the measured temperatures are

higher than predicted. The maximum temperature difference at 8 mm off the centerline
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(greenline) is 116°C. The thermocouple at the centerline (black solid line) was moved

by the tool but not destroyed. Therefore, only the ascending part of the curve (positive

distance to the center of the tool) is a meaningful measurement.

The thermocouples (TC) were attached to the aluminum using the high thermal

conductivity epoxy Omegabond 101. However, the maximum recommended

temperature for this epoxy is 105 °C. Depending on the location of the thermocouple,

the maximum allowable temperature of the glue may have been exceeded so that some

thermocouples may have lost the contact to the workpiece, i.e. at the locations close to

the weld centerline. It cannot be excluded that the thermocouple measurements did not

measure the true workpiece temperature due to the inappropriate choice of the

thermocouple attachment. Another uncertainty is inherent with thermocouple

measurements. Even though thermocouples denote "point" measurements, the

temperature is averaged over the area of the thermocouple junction. Therefore, some

information is lost if the temperature across the TC junction is not constant, i.e. in

regions of high temperature gradients close to the tool.
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Figure 8-6 Comparison of temperature profiles 2mm above to the bottom

surface. Measurements [98] were taken at various locations on the retreating side

at 0, 8, 13, and 25 mm to the centerline.

Figure 8-7 shows isotherms at the mid-plane of the weld where the negative

distance to the tool in welding direction denotes the distance behind the tool. It can be

seen in Figure 8-7 that the isotherms deviate from the typical and expected egg-shape,

i.e. behind the tool indicating measurement errors. If the method of the thermocouple

attachment did influence the measured weld temperatures, the actual differences

between model and measurement is smaller than indicated in Figure 8-6.
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Figure 8-7 Isotherms at the middle height of the weld performed at 390 RPM and

2.35 mm/s [98]. The welding direction is to the top of the page. Advancing and

retreating side are on the left and the right side, respectively.

To summarize, the 3-D model at 390 RPM and WS=2.35 mm/s compares well

in parts with experimental data. The torque at the tool and the energy PUWL are

within 25 % of the measured data. The tool forces are different from the measured

forces; the differences can be related to the different tool designs. The differences of

the temperature profiles are not too high considering the simplifying thermal boundary

conditions at the tool and at the bottom surface. Furthermore, the difficulties of the

temperature measurements may have contributed to the lower measured temperatures.
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In the following, the material flow in the 3-D flow domain is studied. Figure

8-8 shows pathlines near the pin at three vertical levels (z = 1, 4, and 7.5 mm) for two

different views. The left hand side of Figure 8-8 is the projection of the pathlines on

the horizontal plane with the flow direction from the right to the left. The right hand

side images are perspective views; the observer looks from the advancing side against

the flow direction towards the retreating side. As already seen in the 2-D model, all the

material within the pin diameter (and more) passes the pin on the retreating side. The

pathlines close to the bottom (A and B) and at the mid-plane (C and D) are very

similar to those of the 2-D model shown in Figure 7-5. It was shown in Section 5.1

that particles "extruded" around the pin encounter relative displacement to each other

such that material within the pin diameter is moved further downstream than material

outside the deformed zone flowing at a uniform welding speed. The resulting final

relative position of such particles matched the experimentally observed flow pattern

almost perfectly as seen in Figure 7-7.

During its way around the clockwise rotating pin, material is lifted on the

leading side of the pin and pushed downwards on the trailing side o f the pin. However,

only little vertical mixing occurs in the 3-D model. Particles are at about the same

vertical level before and after passing the pin. The influence of the tool shoulder on

the vertical mixing is very small. Figure 8-8 E and F show that close to the tool

shoulder material on the advancing side is rotating with the tool before it is released in

the flow field.
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Figure 8-8 Images on the left hand side are the projection of the pathlines on the

horizontal plane and images on the right hand side show a perspective view of the

pathlines. The tool rotation is clockwise and the arrows indicate the flow

direction. Particles are released close to the bottom surface (A and B), at the mid-

plane (C and D) and near the top (E and F).
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Comparingthe pathlinesof Figure 8-8 with the vertical flow patternof the

deformed markers of the "nominal" AA6061-T6 weld Figure 5-22 not many

similarities can be observed.The flow pattern of the "nominal" weld is mainly

characterizedby the vertical mixing. Material is pushed upwards outside the

"extrusion" zoneonadvancingandretreatingside.Materialwithin the pin diameteris

pusheddownwardson the advancingside and upwardson the retreatingside. The

weld wasperformedwith atilted tool andathreadedpin. Theinfluencesof thethread

size and of the tilted tool anglewere never investigatedusing the marker insert

technique.Therefore,thecomparisonof the3-D modelwith thedetailsof thevertical

flow in the"nominal weld is notmeaningful.

In Section5.5.4the width of thedeformedzonewasdiscussed.In the"cold"

and "nominal" AA6061 welds, the width of the deformed zone increasednearly

linearly from the bottom to the top surface on advancing and retreating side,

respectively(Figure5-23).The width of the deformedzoneon the advancingside in

AA6061 wasdifferent fromthat of thewelds in 2XXX and7XXX seriesalloys.Here,

the width of the deformedzonewas almost constantin the lower two thirds of the

weld; it increasedonly in thetopthird of theweld heightto its maximum,theshoulder

radius(Figure5-25).

Figure8-9 showscontourplots of the velocity magnitude(A), the strain rate

(B), andtheviscosity(C) at aplaneperpendicularto theflow directionat thecenterof

the tool at x=0 ram. The flow direction is out of the plane;advancingandretreating

side are the left and fight hand side, respectively.The pin is in the middle of the

imagesandthe shoulderat the top. The velocity magnitude(A) is shown at values
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greaterthan 3 mm/s,which is arbitrarily chosen.In general,material flowing faster

than the welding speed(2.35mm/s) denotesmaterialdeformationnearthe tool. As

seenin Figure8-9-A, theregionof highvelocitiesismuch largeron theretreatingside

than on the advancingside. The line of constantvelocity on the retreatingside

connectsthebottomof the pin andthe shouldernearly linearly on the retreatingside

similar to the increasingwidth of the deformedzone on the retreatingside in the

AA6061 friction stir welds. On the advancingside,high velocities are limited to a

narrow region near the tool. Here, fluid at velocities larger than 3 mm/s flows in

rotationdirectionof thetool againstthe overall flow direction.The different velocity

profiles on the advancingand the retreatingside of the pin are somewhatintuitive

knowingthe overall flow pattern.All thematerialwithin thepin diameteris extruded

aroundtheretreatingsideonly.On theotherhand,thealuminumalloy (here:the fluid)

is incompressible.Therefore,the fluid is acceleratedto maintainthe fluid flow. The

resultis the largeregionof high velocitiesandvelocity gradients(Figure8-9-B)below

theshoulderon theretreatingside.

Figure 8-9-B and C are the contour plots of the strain rate and viscosity,

respectively.Thestrainrateandtheviscosityareplottedfor valuesgreaterthan0.5 1/s

and less thml 5"107 Pa-s, respectively.Again, the cut-off values are chosenfor

demonstrationpurposes.The valuesarewithout any physical significancebut using

themhelpsto clarify thedifferencesof theflow nearthetool on theadvancingandthe

retreatingside.

The figuresshowthat the decreasingstrain ratecausesthe "stiffening" of the

fluid. We rememberthat the viscosity is bothstrain rateand temperaturedependent.
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However,thetemperaturedistributionon theadvancingandtheretreatingsideis very

similar as seenin Figure 8-10.The shapeof the viscosity (and strain rate) contour

plots is verysimilar to thoseof theshapeof velocity field on theplaneat x = 0 mm.

Again, more material is passingthe tool on the retreatingside than on the

advancingside;therefore,thevelocitiesandconsequentlythevelocity gradients(strain

rate)extendovera largervolumeon theretreatingside.

Advancing Side Shoulder

Magnitude > 3mm/s

Vrrex= 483 mm/s

Retreating Side

B

C

Figure 8-9 Velocity, strain rate, and viscosity contour plots on a plane at the

center of the tool perpendicular to the flow direction at 390 RPM and 2.35 mm/s.

In the images A, B, and C the minimum and maximum values of the velocity,

strain rate and, viscosity correspond to red and blue, respectively.
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The temperaturedistributionat theplaneperpendicularto theflow direction at

x = 0 mm is shown in Figure 8-10. Note that the maximum temperature (595 °C) is 13

°C above the solidus temperature of AA6061 due to the definition of the viscosity

function, which drops 3 orders of magnitude within 50 °C above the solidus

temperature. However, the maximum temperature in FSW is always below the solidus

temperature; melting never occurs. It is apparent that the temperature range for the

viscosity drop is too large and that the onset of the drop occurs too high. Therefore,

modifying the viscosity function may improve the temperature distribution

quantitatively.

Advancing Side

Shoulder

Retreating Side

Weld Centerline

Figure 8-10 Temperatures on the plane at x=0 mm. The distribution is nearly

symmetrical to the weld centerline. However, the adancing side is slighty hotter.

Note that the legend shows the absolute temperature in Kelvin.
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8.4.2 The 3-D model at 232 RPM

The 3-D model presented in this section was carried out at a rotational velocity

of 232 RPM and the welding speed 2.35 mm/s. The thermal boundary conditions were

the same as in the model at 390 RPM. The convective heat transfer coefficient at the

top and bottom of the flow domain were 30 and 500 W/m2-K, respectively. At the

moving walls on advancing and retreating side, the same temperature profile was used

as in the previous model (higher RPM) even though the "real" temperature distribution

may be lower. However, no experimental temperature data was available at these

welding conditions. The tool was modeled as a rotating wall with no heat flux through

its surface.

It was shown in the previous section that the original viscosity drop-off 7 might

result in unrealistically high fluid temperatures. Therefore, the user-defined function

of the viscosity was modified such that the viscosity drops three orders of magnitude

within 10 °C at T=577 °C, which is 5 °C below the solidus temperature (Ts=582 °C). It

was assured with this modification that the maximum fluid temperature was always

less than 582 °C. It is worth mentioning that also a model with the original viscosity

function was carried out using the same boundary conditions as the case presented in

this section. Due to the modification of the viscosity the changes of power, torque, and

7The original viscosity drops 3 orders of within 50 °C above the solidus temperature (Ts=582 °C) of
AA606 l-T6.

193



tool forceswerelessthan2 %. Themodifiedviscosity function alsodid not influence

the flow field noticeable.Since the fluid temperaturedid not exceedthe solidus

temperature,the resultsof the model carried out with the modified viscosity are

presentedin thefollowing.

Welding data at 232 RPM and WS--2.35mm/s was available for model

verificationand comparisonfrom the two previouslydescribedweld types.Torque,

energyPUWL, andforcesof the conventionalandthe zero-degreepartial penetration

weld are listed in Table 8-2. Note that the welding dataof the zero-degreeweld is

scaleddown to accountfor the different tool sizes.The scaling factorshavealready

beendescribedthe beginningof Section8.4. The 3-D model resultsarecomparedto

thetwoweldsusingtheratioof thepredictedto themeasuredvalues.

As alreadyseenatthehigherrotationalvelocity,thetorqueandtheenergydata

comparesvery well with the two welds.Note that the experimentalenergyper unit

weld length is calculatedbasedon themeasuredtorquedata,whereasit is determined

from the power balancearoundthe flow domain in the 3-D model. The predicted

torqueand energyPUWL arewithin 22% and 48 % of the measuredvaluesof the

standardandthezero-degreeweld, respectively.Note that themodeloverpredictsthe

torqueandthespecificweldenergy.
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Case

Standard FSW

Scaled Zero-Degree

FSW

3-D Model

Comparison w/

Standard FSW

Comparison w/scaled

Zero- Degree FSW

Torque

[Nm]

1 l 5.95

98.82

141.21

121.5%

142.9%

Energy PUWL X-Force Z-Force

[J/mm] [N] [N]

1235.01 -3913.9 26688

1019.3 -2888.2 19927

1504.5

121.8%

147.6%

-1663

45.6 %

57.6 %

955

3.7%

4.8%

Table 8-2 Data comparison at 232 RPM. For the comparison with the data of the

zero-degree weld, torque and energy PUWL of the zero-degree weld were scaled

by a factor 0.512. X-force and z-force were scaled by the factors 0.64, to account

for the different tool sizes.

The force in flow direction (x-force) is under predicted at 232 RPM. The

measured longitudinal force was about twice as high as computed. It is important to

mention that the predicted forces at 232 RPM are even lower than at 390 RPM.

However, the friction stir welds showed the opposite trend.

Figure 8-11 shows the pathlines at 232 RPM near the tool at three different

heights (z=l, 4, and 7 mm) from two different views. The left: hand images (A, C, and

E) are the projections of the pathlines on the horizontal x-y plane. The observer is

looking in flow direction from the top of the retreating side in the right hand side

images of Figure 8-I 1 (B, D, and F). The arrow in each image indicates the flow

direction. The tool rotation is clockwise. Close to the bottom of the domain at z =
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lmm (Figure8-11A and B), the pathlineslook familiar. Material is extrudedaround

the retreatingside and no material within the pin diameterpassesthe tool on the

advancingside.The pathlinesof particlesreleasedat the mid-sectionof the flow

domainareclearlydifferent from whatwasseenin the simulationat 390 RPM andin

the flow visualizationexperiments.The pathlinesat themid-sectionon the retreating

sideareat aboutsamevertical level beforeand after passingthe pin. The materialis

"regularly" extrudedaroundthetool with the exceptionthatthis materialis deposited

furtherto theadvancingsidethanit wasoriginally. However,thebiggestdifferenceis

material flowing nearthe edgeof the pin on the advancingside.The pathlinesshow

that thismaterialis "caught" in thetool rotation.Thepathlineswind upwardsin spirals

aroundthe pin. The spiralsstartcloseto the pin and widen on their way to the top.

Material is releasedclose to the top in the uniform flow field at about the same

positionperpendicularto thecenterlineaftermovingaroundthetool seventimes.

Particlesreleasedclose to the top surface (E and F) are passing the pin

approximatelyin 5mmdistanceto thepin surfaceon theretreatingside.Note that the

volume nearthe pin at the top is occupiedby material from lower regions,which is

transportedtowardsthe shoulder.As Figure 8-12 shows,materialpassingthe tool on

the retreatingside near the shoulderis pusheddownwardsto a lower final relative

position.

The pathlinesshownin Figure 8-11 and Figure 8-12 are unusualbecausea

different material flow was detectedin the flow visualization experiments.It is

importantto rememberthat the tool designandthe tool setupof the 3-D modelare
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different from the friction stir welding reality. The influences of the threaded pin and

the tilted tool used in the welds for the marker insert technique were never

investigated, but it is believed both have an important contribution to the observed

flow pattern. Therefore, the generalization of the results of the marker insert technique

is not valid.

A

-- -" e

B z=lmm

•_?__- _-:- ...........
_z. _-" ..............

I

__.___z=4mm

t _i'l',' ¢' 1' " .....

ii_ I,I

IF z=7mm

Figure 8-11 Pathlines at 232 RPM. Images on the left hand side are the projection

of the pathlines on the horizontal plane and images on the right hand side show a

perspective view of the pathlines. The tool rotation is clockwise and the arrows
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indicate the flow direction. Particles are released close to the bottom surface (A

and B), at the mid-plane (C and D) and near the top (E and F).

A

"\

B Shoulder

..._. _..,l_ / _......_m_. , "

zTx
Pin

Figure 8-12 Pathlines of particles released near the top (z=7 ram) on

advancing side. (A) is the top view and (B) is a view from the retreating side.

the

We remember that in the friction stir welds material was moving upwards at

the edges of the deformed zone on advancing and retreating side, respectively, which

is not seen with the present model. It was already pointed out that the predicted
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material flow differs from the experimentally observed flow pattern, which shows

only the final position of the deformed marker inserts. Assuming that under the given

circumstances the model predicts the material flow correctly 8 we can reduce the

differences to the different tool designs. One might argue that the material flow in the

partial penetration weld using the zero-degree tool should be similar to the 3-D model

prediction because of the similarity of the tool. However, it is believed that the scrolls

in the shoulder are a significant, flow- influencing feature of the zero-degree tool. The

scrolls are formed such that material is transported from the outer shoulder radius

towards the center of the tool. In the 3-D model, however, material is transported

towards the outer radius of the shoulder near the top of the domain as seen in Figure

8-11 C-F and in Figure 8-12.

To summarize, the material flow at 232 RPM is different than at 390 RPM. At

390 RPM, the vertical material flow is minimal. Material is extruded around the pin

throughout the total height of the flow domain. At 232 RPM the material flow is

similar in the lower half of the flow domain. Particles released at middle heights on

advancing side of the tool are rotating with the tool. The pathlines wind in spirals

towards the shoulder. Thereby, the radius of the spirals grows before the material

flowing along those pathlines is released in the uniform flow field.

The prediction of the correct torque and power in 3-D data in addition to the 2-D model simulation are
reasons to justify the assumption.
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Figure 8-13 Velocity, strain rate, and viscosity contour plots on a plane at the

center of the tool perpendicular to the flow direction at 232 RPM and 2.35 mm/s.

The blue red contour colors correspond to minimum and maximum values of the

velocity, strain rate, and viscosity, respectively.

In the following, the material deformation in the transverse direction is

investigated. Figure 8-13 shows the velocity magnitude (A), the strain rate (B), and the

viscosity (C) on the plane perpendicular to the welding direction at the center of the

tool. Note that the contour colors red and blue correspond to the maximum and

minimum values, respectively. For demonstration purposes the same cut-off values for
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the velocity, strain rateand viscositywere usedasin Figure 8-9 at 390 RPM. The

differencebetweenthetwo rotationalvelocitiesis thatthewidth of thedeformedzone9

on the advancingside is largerat 232 RPM thanat 390 RPM. It increasesalmost

linearly in transversedirection from the bottom of the pin to the shoulder.The

deformedzoneis nearlysymmetricalto thecenterline.

The deformation of the "fluid" in the transverse direction at the two rotational

velocities is very similar to the width of the deformed zone in AA6061 observed with

the marker insert technique as shown in Figure 5-23. Note that the transition to the

l0 of the width of the deformed zone was seen at different weldingcommon shape

conditions (832 RPM and WS=1.28 mm/s) in the friction stir welds. However, the 3D-

model also predicts less material deformation on the advancing side at the higher

rotational velocity. It is important to remember that the large width of the deformed

zone on the advancing side was seen only in the "cold" and "nominal" welding

conditions in AA6061. In the alloys of the 2XXX and 7XXX series the volume of

deformed material on the advancing side was much smaller than on the retreating side

at all welding conditions (Figure 5-25). The differently deformed volume of material

on the advancing side in AA6061 at different welding conditions may have been

caused by the difference of the material properties of AA6061 since all the welds were

performed using identical setups. The thermal conductivity and the solidus

9 Note that the width of the deformed zone is displayed only qualitatively.
_oAll the welds in the 2XXX and 7XXX series aluminum alloys had a common shape of the deformed
zone in transverse direction. On the advancing side less material was deformed than on the retreating

side.
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temperature of AA6061 are significantly higher and the flow stress of AA6061 is

lower than that of the aluminum alloys of the 2XXX and 7XXX series.

Two questions asked in Section 5.5.4 remain to be answered. Why is the shape

of the deformed markers in AA6061 different than in welds of the 2XXX and 7XXX

series? Moreover: Why is the shape in "hot" welding conditions different from that at

"colder" welding conditions?

A Strain Rates near the Pin Strain Rates further away from the Pin

'°°1-.\ /
5011 s"_.

050 51 52 53 54 55 S 6 7 _1 g 10 11 12 13 14 1

Distance to the Center of the Pin [ram] Distance to the Center of'the Pin [ram]

Figure 8-14 Strain rates on the advancing side in transverse direction at mid-

height.

Let us find a possible answer to the second question first. Close to the pin, the

strain rate and the strain rate gradient on the advancing side in transverse direction are

higher at 390 RPM than at 232 RPM as seen in Figure 8-14-A. However, at a certain

distance to the pin, the strain rates at 390 RPM are lower than at 232 RPM as seen in

Figure 8-14-B. The same strain rate distribution on the advancing side is also shown in

Figure 8-9 and Figure 8-13. Remember that the fluid is less viscous at high strain

202



rates.As a consequenceof the strain rate distribution, the plastic deformation at 390

RPM is constrained to a narrow region on the advancing side near the tool. However,

the plastic deformation near the tool is larger at high RPM than at low RPM because

the strain rates are higher near the tool. At low rotational velocities, more material is

deformed on the advancing side because the viscosity is lower than at 390 RPM in a

certain distance to the tool. In Figure 8-14-A the strain rates of the cases at 232 RPM

and 390 RPM are equal at distance of 0.2 mm from the surface of the tool. The

material flow along the pathlines "climbing" in spirals around the tool at 232 RPM is

accompanied by the lower strain rate gradients near the tool and higher strain rates

after a certain distance in transverse direction.

The current 3-D modeling results cannot give answers the first question

because only AA6061 was simulated. Further investigations are necessary to reveal if,

for example, AA2024 shows a different material flow behavior. Additionally,

changing single material properties sequentially, as done in the 2-D model with the

artificial materials (Section 7.4.6), may clarify what material properties or

combination thereof may cause the different flow pattern seen in AA6061.

In the following the thermal boundary conditions at the tool were changed to

gather information about the influence on the fluid temperature and the model

performance.

203



8.4.3 Convective Heat Transfer at the Tool

Three models with varying convective heat transfer coefficient were carried

out in the mesh configuration '3D-test-8-2', which is the large flow domain with the

coarse mesh. The reason for using the coarse meshes was simply to save computation

tine because the two coarse meshes contained only about half of the elements of the

fine mesh (3D-test-9). The material properties of AA6061 were applied in the present

investigation using the modified 11 viscosity function of AA6061. All models presented

in this section were calculated at the same rotational velocity of 232 RPM and the

same welding speed of 2.35 mm/s.

The common boundary conditions of the three models were as follows: A

temperature profile was prescribed at the moving walls on advancing and retreating

side. A similar same profile as discussed in the previous models was used. Due to the

larger dimensions of the flow domain in y-direction, the temperature increased from

27 °C at the inlet to a maximum temperature of 82 °C 5 mm behind the center of the

tool (at x=-5 mm and y = +100 mm).

Convective heat transfer was assumed at the bottom and the top surface with

heat transfer coefficients of 500 and 30 W/m2-K, respectively. Three different heat

transfer coefficients were used at the tool (pin and shoulder). The heat transfer

t t The viscosity drop occurs in a smaller temperature range and at a lower temperature.
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coefficients were guessed because no correlation of the Nusselt number t2 as a function

of the Reynolds and Prandt113 number was found, which describes the current

problem. The first model was carried out with the adiabatic tool. For the second model

the heat transfer coefficient was guessed at 3000 W/m2-K. By judging the temperature

profile of that case, it was decided to increase the coefficient to 6000 W/mZ-K in the

third case.

It is important to mention that the solution of the governing equations was not

stable for the model including heat transfer at the tool. The reason was the poorly

14 in the flow field. It was already mentioned in the 2-Dsolved pressure distribution

model that the pressure distribution was the most difficult part of the solution using

the CFD software FLUENT. It is not believed that the coarser mesh contributed to the

instabilities because the model without heat transfer at the tool converged perfectly.

As a consequence of the poorly solved pressure field, the forces acting on the

tool were not solved correctly. However, the comparison with the model using the fine

mesh makes us believe that the heat generated due to viscous dissipation and the

temperature distribution were solved correctly.

hL q"L
_2The mean Nusselt number Nm is defined as Nu m = - , where h is the heat

k k(T w -T_)

transfer coefficient, q" is the wall heat flux, L a representative "length, k the thermal conductivity of the
fluid, and T,_and T_ are the wall and the free stream temperature, respectively.

_cp
_3The Prandtl number is defined as Pr = _.

k

J4For example, no distinct pressure minima or maxima exist at the tool. The pressure distribution is
diffuse on the tool surface.
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Case h(tool) Power

[W/mLK] [W]

0 3458

3000 4448

6000 4987

Torque

[Nm]

Heat Transfer

Rate at Tool [W]

136 0

178 1057

201 1910

X-Force

[N]

1812

Z-Force

[N]

944

Table 8-3 3-D model data at varying heat transfer coefficients at the tool.

The welding data of the three models is listed in Table 8-3. Note that the forces

of Case 2 and 3 are not used for comparison because it is known that the solution of

the pressure distribution was not stable.

As seen in Table 8-3, increasing the heat transfer coefficient at the tool

increased the heat transfer through the tool boundary. Moreover, power and torque

increased with increasing heat transfer at the tool. It is worth mentioning that the

lowest torque (in the case without heat transfer to the tool) is already higher than

measured (compare with Table 8-2). The temperature profiles at a line in longitudinal

direction 8 mm off the centerline at middle height on the retreating side (y=-8 mm and

z=4 mm) are shown in Figure 8-15. Note that the location of the selected line is close

to the pin diameter on the retreating side. In addition to the model temperatures, the

measured temperatures [98] along this line are plotted in the same graph although the

friction stir weld was performed at a higher rotational velocity (390 RPM instead of

232 RPM). Remember that the measured temperatures at the weld may not reflect the

actual weld temperature due to the inadequate choice of the thermocouple mounting.
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Figure8-15showsthat increasingtheheattransfercoefficientat thetool decreasesthe

fluid temperature.The model with the highest heat transfercoefficient yielded the

lowestandpossiblythemostrealistictemperatureprofile.

To conclude, modeling heat transfer at the tool decreasesthe fluid

temperatures.It wasseenin Section8.4.1that themeasuredtemperatureswerelower

thanpredictedwith amodelusinganadiabatictool. Thepresentedmodelssuggestthat

a 3-Dmodel includingheattransferat thetool mayresult in morerealistictemperature

profiles. Note that the accuracyof themeasurementseemsquestionableasdiscussed

in Section8.4.l andthat the model in this sectionarepresentedwith the reservation

thatthe incorrectlysolvedpressureprofile did not influencetheheatgeneration,which

is dueto viscousdissipation.Furtherstudiesarenecessaryto investigatethe solution

instabilitiesand to determinethe influenceof the convectionat the tool on the tool

forces.
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Temperature Profiles at y=-8 mm and z=4 mm
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Figure 8-15 Temperature profiles of the cases, 1, 2, and 3 (Table 8-3) on the

retreating side at middle height in longitudinal direction. In addition, the

measured temperatures at 390 RPM at the corresponding location are plotted for

comparison.

8.5 Summary and Conclusions of the 3-D Model

A three-dimensional FSW process model based on fluid mechanics has been

presented in this chapter. The model is thermo-mechanically fully coupled. In the 3-D

model, the tool consists of a cylindrical pin with a smooth surface and a flat shoulder.

The shoulder is at the same height as the top surface of the domain. The flow domain

is surrounded by moving walls, a flow inlet, and an outlet.
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Convectiveheattransferis assumedat thebottomandtop surfacedomain.At

thetop surface,the convectiveheattransfercoefficient is that for aluminumandair.

At the bottom surface,the contactareawith the steelbackingplate, a uniform heat

transfercoefficientis usedsimilar to thework of Chaoet al. [ 100].Theweldingspeed

and the rotational speedareusedaskinematic inputs at the flow inlet andoutlet as

well asat themovingwalls.

Modelswere carriedout at two different rotationaltool velocities (232 RPM

and390RPM). Thetorqueat thetool aswell asthepowergeneratedin themodeldue

to viscousdissipationcompareverywell with experimentaldata,which wasmeasured

with the FSW-PDSat the samewelding conditions.The modelsover predict the

measuredvalues. However, the models and experimentsshow the same trend at

increasingthe rotationaltool velocity, which is an decreasingtorqueand increasing

powerof theweld,respectively.

Thesimplificationsof thetool, result in forceson thetool inconsistentwith the

measureddata.The standardtool usedin the weldsconsistedof a threadedpin with a

roundpin tip anda non-fiatshoulder.This tool wastilted 2.5° againsttheverticalaxis

during welding. Additional weldswere performedwith a so-calledzero-degreetool.

The zero-degreetool consistedof a cylindrical pin and a shoulderwith scrolls.Both

toolsarebelievedto havesignificantinfluenceon thetool forcesandon thematerial

flow. The longitudinalandvertical forceof themodeldonot comparevery well with

the measurements.Increasingthe rotational speedincreasedthe tool forces in the
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model. However, the opposite trend is observed in most friction stir welds 15. It is

worth mentioning that the 2-D model predicted the correct trend of the x-force. We

believe that the different tool design of the current 3-D model is mainly responsible

for the differences of the forces. As discussed above the FSW tools had features

influencing the material flow such as threads, tool-to-workpiece-normal angle, or

scrolls in the shoulder.

The predicted material flow agrees in parts with the observed flow pattern

visualized with the marker insert technique. For example, the models show that n__9_o

material within the pin diameter is passing the tool on the advancing side. It was

shown with the 2-D model for so-called "cold" welding condition (producing little

vertical mixing in friction stir welds) that only extrusion around the retreating side

explains the observed flow pattern. Furthermore, the 3-D model predicts different

varying volumes of deformed material on the advancing side at the 232 and 390 RPM.

The deformed zone on the advancing side is smaller at the higher rotational velocity.

Although detected at even higher RPM, the marker insert technique revealed the same

phenomenon in AA6061-T6. It is important to mention that the deformed zone on the

advancing side was small in the aluminum alloys of the 2XXX and 7XXX series at all

welding conditions. So far, no reasonable explanation has been found for the different

flow characteristics of AA6061. However, it is obvious that the different material

_5In some welds performed in AAXXXX at USC the x-force decreased to almost zero at decreasing the
rotational velocity.
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propertiesof AA606116 caused the differences because all welds were performed with

the identical tool using the same weld setup.

The material in the 3-D model shows almost no vertical mixing at high RPM.

Material is extruded around the retreating side throughout the total height of the flow

domain except for a narrow region close to the tool shoulder. The material flow due to

the shoulder rotation has only little effect on the flow field in lower regions. The

material deformation is constrained to a narrow volume around the tool at 390 RPM.

At the lower rotational velocity, the pathlines show a different material flow in the

upper half of the flow domain. Starting at about the mid-plane, material from the edge

of the advancing side is rotating in spirals with the tool towards the top of the domain.

This motion pushes other material in transverse direction causing a larger volume to

deform on the advancing side.

It is known from the marker insert technique that material was pushed towards

the root of the weld on the advancing side within the extrusion zone. Outside the

extrusion zone and on the retreating side, material was pushed towards the root of the

weld. Note the difference between the experiments and the current 3-D model. The

features on the FSW tool such as the threads and the tool-to-workpiece-normal angle

enhance the downward motion. The threads are formed such that material is

transported downwards. Furthermore, the trailing side of the shoulder pushes material

_6 The flow stress of AA6061 is lower than that of the alloys of the 2XXX and 3XXX series.
Furthermore, the thermal conductivity and the solidus temperature are significantly higher than in the
other alloys.
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towards the root due to the tilted tool. Both effects are counteracting against the

observed material flow in the 3-D model. Hence, it seems obvious that the 3-D model

with the current tool design is not capable of predicting the material flow that was

observed in the welds visualized with the marker insert technique.

Additional models were carried out in a larger flow domain with a coarser

mesh using varying heat transfer coefficients at the tool. It is important to mention that

the pressure field of the models with heat transfer to the tool was not solved correctly.

Nevertheless, it is believed that the generated heat and the temperature field were

solved correctly. The temperature field near the tool was possibly more realistic

because increasing the heat transfer to the tool results in lower temperatures. With

increasing heat transfer coefficient more heat was generated in the fluid.
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9 Summary and Recommendations

9.1 Summary

An extensive analysis of the material flow in friction stir welds has been

performed in this dissertation. This work includes the experimental and numerical

analysis of the material flow.

A marker insert technique has been developed to visualize the material

transport during welding. The post welding method provides insight in the deformed

weld zone by visually reconstructing a 3-D image of the deformed marker inserts.

Seven different high strength aluminum alloys have been friction stir welded with

varying welding parameters such as welding speed and rotational tool velocity.

Additionally, different tools have been used to weld the alloy AA2195.

All welds regardless of the base material, welding parameter or, tool, had a

basic flow pattern in common. The material transport in FSW, which is the result of

the two tool motions - translation and rotation - can be roughly described as the

superposition of the material extrusion around the tool, a clockwise rotation around the

longitudinal axis within the extrusion zone, and the material transport towards the

crown of the weld outside the extrusion zone. Different mechanisms cause the vertical

mixing of the material. First, the rotating shoulder transports material originally from
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the retreatingto the advancingside.Therefore,the materialoriginally occupyingthe

volume on the advancingside is pusheddownwardsin the weld causingmaterialat

lower levelsto move in transversedirection towardsthe top of the weld. The tilted

tool mayenhancetheshouldereffectbecausethetrailing sideof theshoulder,which is

below is below the weld surface, is pushing material downwards. The material

transportdue to the threadson the pin is anothermechanismcontributing to the

vertical material transport.The tool rotation direction is suchthat the threadspush

materialdownwards.

The material flow patternsin the aluminumalloys of the 2XXX and 7XXX

seriesarefairly similar in all threeweldingconditions,which havebeencategorizedas

"cold", "nominal" and, "hot" basedon the specific weld energy.The differences

betweenthedifferent alloys may be explainedwith the different materialproperties

suchasflow stressandthermalconductivity.

Thematerialflow patternin theAA6061weldsis clearlydifferent from thatof

the alloysof the 2XXX and 7XXX series.In particular, the shapeof the deformed

zonein the "cold" and"nominal" weldingconfigurationis different becausea larger

volumeof materialon theadvancingsideis deformed.The"hot" weldingconditionin

AA6061revealeda similar flow patternastheotheralloys.

The tool-to-workpiece-normalangleandthe threadsizewere the samein all

welds analyzedwith the markerinsert technique.Therefore,the exact influenceof

theseparametersis notknown.It mustbestatedthat materialflow in FSWdependson

the exacttool geometryandthewelding parametersused;thereforethe generalityof

anyof theaboveconclusionsaboutthematerialflow hasnotbeenestablished.
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Thematerialflow in FSWwasalsoinvestigatednumerically.A processmodel

basedon fluid mechanicshasbeendeveloped.The aluminum alloys are treatedas

fluids consideringonly idealplasticdeformationandneglectingthe elasticproperties

aswell as strainhardening.The viscosity is basedon a constitutive law of the flow

stressusing the Zener-Hollomonparameter.The model couplesthe thermal plastic

flow suchthat thesolutionof thetemperatureis obtainedsimultaneouslywith thatof

the velocity field. The heatnecessaryfor the thermal softeningof the material is

generateddue to the viscousdissipation.A non-slip velocity condition is assumedat

thetool surface.Furthermore,theprocessmodelconsidersonly thesteadystatepartof

friction stir welding.

As a first step,a two-dimensionalmodel hasbeendevelopedby considering

only a mid-sectionof a "cold" friction stir weld, which producesonly little vertical

mixing. This model was usedto establishappropriateboundary conditions and to

performparametricstudiesof the weldingparametersandthe materialproperties.The

predictedmaterial flow patternof AA6061 matchedthe experimentallyobserved

patternof the deformedmarkersat the"cold" weldingcondition.The sametrendsof

measuredtool forces,torque,power,andspecificweldenergywerepredictedwith the

2-D model.

The2-D modelwascarriedout overa wide rangeof welding parameters.The

2-D model showstheexistenceof a plug rotating with the pin, which hasalsobeen

reportedby other researchers([55] and [63]). The plug size changeswith changing

weldingparameters.It hasbeenfound that flow of materialwithin the pin diameter
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only aroundthe retreatingsideof thetool occursonly in a certainrageof thewelding

conditions.At a givenwelding speedat low and at high rotationalpin velocities,the

materialwithin thepin diameteralsoflows aroundthe advancingside of thepin. It is

believedthat the flow aroundthe advancingside explains sometypical friction stir

welding defects.Holes in the weld may developin the lower part of the advancing

side if the material transportaroundthe retreatingside is insufficient. The flow of

material around the advancing side as predicted by the 2-D model is a plausible

explanation for the occurrence of these defects.

A three-dimensional process model has been developed to simulate FSW more

realistically. The presented 3-D model includes a tool, which consists of a smooth,

cylindrical pin with a fiat shoulder on top of the flow domain. The main focus in the

development of the 3-D model has been on the determination of the thermal boundary

conditions. Convective heat transfer is assumed at the top and bottom surface of the

flow domain using uniform heat transfer coefficients, respectively. The temperatures

on the sidewalls of the flow domain on advancing and retreating side are prescribed

using experimentally determined temperature profiles.

3-D models were carried out at two rotational tool velocities. The model over

predicted the fluid temperature when compared to measured temperature profiles.

However, it is believed that the choice of the thermocouple mounting used in the

experiments [98] was inappropriate (i.e. the epoxy) resulting in lower temperatures

than the actual welding temperature. The 3-D model compares well with measured

welding data such as torque and power. The predicted values are within 20 to 50% of
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the actualweld data.Moreover, increasingthe RPM increasedtorque and power in

both, FSW and 3-D model.However, the tool forces,in particular the vertical axis

force, areclearly different. The calculatedtool forces increasewhereasthe measure

forces decreasewith increasingRPM. The reasonsfor the supposedlyincorrect

predictionof the tool forcesare inherentin the simplified FSW tool usedin the 3-D

model.The tool neglectsthetool-to-workpiece-normalangle,a threadedpin, the pin

clearance,and detailsat the shoulderto nameonly somesimplification. All of the

abovetool detailsarebelievedto contributesignificantlyto thetool forces.Hence,the

current 3-D model is not capableof simulating the tool forces occurring with a

differenttool designthanusedin themodel.

As a furtherconsequence,thematerial flow coincideswith the visualizedflow

patternusingthe markerinserttechniqueonly in parts.For example,the modelshows

that materialwithin thepin diameteris passingthetool solelyon the retreatingside.

Furthermore,themodelalsopredictsthe"abnormality"of theshapeof thedeformed

zoneof AA6061 seenwith the markerinserttechnique.However,themodeldoesnot

showthevertical mixing of materialduring FSWasdescribedwith themarkerinsert

technique.The tool of the 3-D model does not include the tool featuresthat are

believedto causethetypical materialflow patternin theFSWvisualizedin thepresent

researchproject.

Modelsandexperimentshavebeenvery usefulto gatherinformationaboutthe

FSW process.For example,the flow patternsvisualizedexperimentallyhave been

helpful to characterizethe influenceof the weldingparametersandtool diametersin
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termsof thehorizontalandverticalmaterialflow. Furthermore,the flow visualization

has shownsimilarities and differencesbetweenwelds of different base materials.

However,the markerinsert techniquedoesnot reconstructtheactualflow pathof the

material to its final position. For example,knowing only the final shapeof the

distortedzone, flow around the advancingand retreatingside is also conceivable.

However,the 2-D and3-D processmodelsleaveno doubtthat only the flow around

the retreatingsideexplainstheobservedflow patterns.Furthermore,a possibledefect

mechanismis suggestedbasedon theresultsof the 2-Dmodel.Although it is believed

that the 3-D model describescorrectly the material flow using the given simplified

tool, it cannotpredictthe complicatedmaterial flow producedin welds usinga tool

designwith detailsenhancingthematerialflow.

9.2 Recommendations

The current 3-D model uses a zero-degree tool. However, so far, no

investigations have been conducted towards zero-degree welds using the marker insert

technique. It would be useful to study experimentally the differences between threaded

and non-threaded zero-degree welds at different welding conditions.

For future comparisons and validations the experimental welding data could be

acquired more reliable and consistently. For example averaging the data of several

welds performed at the same welding conditions may compensate for uncertainties of

the force and torque measurements.
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It was already pointed out that reliable temperature measurementsare

necessaryfor the "fine tuning" of the boundaryconditions.It is suggestedto usea

thermallyhighly conductivecementto "glue" the thermocouplesto thebasematerial.

Furthermore,temperaturemeasurementsat different welding conditionsor different

basematerialswouldbehelpful for futuremodelverifications.

As shownin the previouschapter,the boundaryconditions, i.e. the thermal

boundaryconditions,in the3-Dmodelarenotknowna priori. However,thequalityof

the model dependson the properchoiceof the boundaryconditionsbecauseof the

coupled, partial differential governing equationsand the use of the temperature

dependentmaterialproperties.

Furtheroptimizationsof the boundarycondition at the contactto the backing

plate may be achievedby adjustingthe uniform heat transfercoefficient to better

match experimentaltemperaturedata.Additionally, the useof a non-uniform heat

transfercoefficientsat thebottomsurface,which couldbea functionof thedistanceto

the centerof the tool, may compensatethe non-uniform contactconditions at the

bottomsurfacedueto thehighpressurebelow thetool. However,thekeyto optimized

thermal boundary conditions is reliable and trustworthy experimentaltemperature

data.

Thesimulationof differentmaterialsmayhelpto understandthedifferent flow

characteristicsseenwith the markerinserttechnique.The 3-D modelcanbeusedto

simulateartificial and/orotherrealmaterialsto gain informationaboutthe influenceof

singlematerialpropertiesorcombinationsthereof.
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For futuremodelingefforts,it is suggestedto modelzero-degreetoolsbecause

the futuretool developmentin FSWwill mostlikely focuson zero-degreetools.With

tool detailsaddedto the current simplified tool the material flow may be predicted

morerealistically.Adding for exampleconcentricfins at the pin or the shouldermay

approximatethreads at the pin or scrolls at the shoulder, respectively,without

changingthe solutiontechnique.By modifying the tool shoulderonemay preventthe

materialmovementtowardsthe outer shoulderradius, as seenin the simulationof

AA6601 atlow RPM.Thismightaffectthe flow patternin lower levelsaswell.

Another caseto be studiedcould be a two-shouldered,self-retractingFSW

tool. Thebenefitof suchamodelwould bethe simplificationof the thermalboundary

conditionssinceno backingplate is usedin suchwelds. However,no experimental

weldingdataof atwo-shoulderedtool is available,yet.
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Appendix A: Vertical Flow in AA2219 and AA7075

Figure A 1 Vertical flow in AA2219 for the welding conditions "cold", nominal",

and "hot".
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Figure A 2 Vertical flow in AA7075.

222



Appendix B: The User Defined Function

AA6061

In the following, the user-defined function (UDF) for the viscosity of AA6061

is shown. The viscosity based on the constitutive law using the Zener-Hollomon

parameter is defined below the solidus temperature of 855 K and in the strain rate

range l0 -4 l/s and 105 1/s. Constant strain rates are used outside the strain rate range

for convergence reasons. The viscosity drops exponentially 3 orders of magnitude

between 855 K and 905 K. This simulates steep viscosity drop at the onset of melting.

The UDF is written in C for the CFD software FLUENT version 5. The UDF is

yet to be compiled, which is done in FLUENT 5 itself.

#include "udf.h"

DEFINE PROPERTY(cell_viscosity, cell, thread)

{
real mu_lam;

real trial;

real rate = CELL_STRAIN_RATE_MAG(celI,thread);

real temp = C_T(cell,thread);

mu lam = l.e12;

if(temp < 855.)

{
if(rate > 1.0e-4 && rate < l.e5)

trial = 12830000. / rate * log(pow((rate * exp(17440.46 / temp)

/ 1.535146e8), 0.2817) + pow((l. + pow((rate * exp(17440.46 /

temp) / 1.535146e8), 0.5634)) , 0.5));

else if(rate >= l.e5)

trial = 128.3 * log(pow((exp(17440.46 / temp) /

1.535146e3), 0.2817) + pow((l. + pow((exp(17440.46 / temp) /

1.535146e3), 0.5634)) , 0.5));

else
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trial = 1.283eli * log(pow((exp(17440.46 / temp) /

1.535146e12), 0.2817) + pow((l. + pow((exp(17440.46 / temp) /

1.535146e12), 0.5634)) , 0.5)) ;

}
else if(temp >= 855. && temp < 905.)

{
if(rate > l. Oe-4 && rate < l.e5)

trial = 12830000. / rate * log(pow((rate * 4.7063), 0.2817) +

pow((l. + pow((rate * 4.7063), 0.5634)) , 0.5))* pow(lO., -0.06

• (temp - 855.));

else if(rate >= l.e5)

trial = 243.654 * pow(lO., -0.06 * (temp 855.));

else

trial = 1.47897ei0 * pow(lO., -0.06 * (temp - 855.));

}
else if(temp >= 905.)

{
if(rate > l.e-4 && rate < l.e5)

trial = 12830. / rate * log(pow((rate * 4.7063), 0.2817) +

pow((l. + pow((rate * 4.7063), 0.5634)) , 0.5));

else if(rate >= l.e5)

trial = 0.24365;

else

trial = 1.47897e7;

}
if(trial < l.e12 && trial > I00.)

mu lam = trial;

else if(trial <= I.)

mu lain = I. ;

else

mu lam = l.e12;

return mu_lam;

}

AA2024

In the following, the user-defined function (UDF) for the viscosity of AA2024

is shown. The viscosity based on the Zener-Hollomon equation is defined below 770

K and in the strain rate range 10 .4 1/s and 105 1/s. Constant strain rates are used

outside the strain rate range for convergence reasons. The viscosity drops

exponentially 4 orders of magnitude between 770 K and 780 K. This simulates steep

viscosity drop at the onset of melting.
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#include "udf.h"

DEFINE PROPERTY(cell_viscosity, cell, thread)

{
real mu_lam;

real trial;

real rate = CELL_STRAIN_RATE_MAG(celI,thread);

real temp = C_T(cell,thread);

mu lam = l.e12;

if(temp < 770.)

{
if(rate > 1.0e-4 && rate < l.e5)

trial = 36084000. / rate * log(pow((rate * exp(17907.14 / temp)

/ 5.63274e8), 0.234) + pow((l. + pow((rate * exp(17907.14 /

temp) / 5.63274e8),0.468)) , 0.5));

else if(rate >= l.e5)

trial = 360.84 * log(pow((exp(17907.14 / temp) / 5.63274e3),

0.234) + pow((l. + pow((exp(17907.14 / temp) / 5.63274e3),

0.468)) , 0.5));

else

trial = 360840000000. * log(pow((exp(17907.14 / temp) /

5.63274e12), 0.234) + pow((l. ÷ pow((exp(17907.14 / temp) /

5.63274e12), 0.468)) , 0.5)); }

else if(temp >= 770. && temp < 780.)

{
if(rate > 1.0e-4 && rate < l.e5)

trial = 36084000. / rate * log(pow((rate * 22.3483), 0.234) +

pow((l. + pow((rate * 22.3483), 0.468)) , 0.5))* pow(10., -0.4

• (temp 770.));

else if(rate >= l.e5)

trial = 1484.65 * pow(10., -0.4 * (temp 770.));

else

trial = 8.56965ei0 * pow(10., -0.4 * (temp - 770.));

}
else if(temp >= 780.)

{
if(rate > 1.0e-4 && rate < l.e5)

trial = 3608.4 / rate * log(pow((rate * 22.3483), 0.234) +

pow((l. + pow((rate * 22.3483), 0.468)) , 0.5));

else if(rate >= l.e5)

trial = 0.148465;

else

trial = 8.5695e6;

}
if(trial < l.e12 && trial > I.)

mu lam = trial;

else if(trial <= I.)

mu lam = I.;

else

mu lam = l.e12;

return mu_lam;

}
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Appendix C: Welding Data

The welding data of the friction stir welds described in chapter 4 is listed in the

following tables.

RPM

1 232

2 390

3 464

4 540

Data below is

Zero-degree welds in AA6061-T6

WS Z-Force X-Force Torque Power Energy PUWL

Imm/s] [kN] [N] [Nm] [W] [J/mm]

2.36 31.136 4512.9 193.02 4705.4 1990.9

2.36 28.812 2862.4 125.95 5139.4 2174.5

2.36 26.688 4381.5 104.25 5068.7 2144.6

2.36 24.464 2639.6 92.59 5226.0 2211.1

scaled down to account _r the different tool sizes.

2.36 19.92 2888 98.8 2409 1019

2.36 18.44 1832 64.5 2631 1113

2.36 17.08 2804 53.4 2595 1098

2.36 15.66 1689 47.4 2676 1132

1" 232

2* 390

3* 464

4* 540

Table C-I Welding data of the zero-degree weld in 25.4 mm thick AA6061-T6

described in Section 4.1.2. In the lower half of the table, the data is scaled down

for comparison with welds performed with the standard tool (10 mm pin and 25.4

mm shoulder diameter, respectively). The scaling factor, which accounts for the

different tool dimensions, is 0.512 for torque, power, and energy PUWL. The

scaling factor for the tool forces is 0.64.
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AA6061-T6 welds using the standard tool

RPM WS Z-Force X-Force Torque Power Energy PUWL

[mm/s] [kN] IN] [Nm] IW] IJ/mm]

240 1.28 22.24 1748 108.6 2731 2135

240 2.36 26.69 3914 115.9 2915 1235

240 3.3 28.02 4195 118.5 2986 906

390 1.23 21.35 1403 64.1 2617 2125

390 2.36 22.24 1518 74.8 3056 1293

390 3.32 28.91 2163 87.4 3568 1076

Table C-2 Friction stir welds performed in AA6061-T6 using the standard tool

(see Table 4-3 and Section 7.4.3).
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